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FOREWORD 
This r e p o r t  was prepared by P r a t t  & Whitney A i r c r a f t ,  D iv i s ion  of 
United A i r c r a f t  Corporat ion,  under Contract NAS3-7943 f o r  t h e  Lewis 
Research Center of t h e  Nat ional  Aeronautics and Space Adminis t ra t ion.  
The work was adminis tered under the  t e c h n i c a l  d i r e c t i o n  of t h e  Lewis  
Research C e n t e r ' s  Liquid Rocket Group. M r .  Werner R .  B r i t s ch  is  t h e  NASA 
P r o j e c t  Manager, and M r .  Herbert  W. Scibbe i s  the  NASA Research Advisor. 
This r e p o r t  is P a r t  I of a two-part f i n a l  r e p o r t ,  and i t  w a s  prepared 
a t  t he  conclusion of t h e  Mate r i a l s  Evaluat ion Phase of t h e  c o n t r a c t .  
Pa r t  I1 of t h e  f i n a l  r e p o r t  w i l l  be issued a f t e r  t h e  e n t i r e  program has 
been completed. 
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ABSTRACT 
The program desc r ibed  h e r e i n  was conducted t o  e v a l u a t e  s e v e r a l  m a t e r i a l s  
t h a t  could be used f o r  cages,  b a l l s ,  and r a c e s  i n  a cryogenic hydrogen- 
cooled 110-mm b a l l  bea r ing .  This  p o r t i o n  of t h e  program was accomplished 
us ing  a b a l l  and p l a t e  t es t  appa ra tus ,  which s imulated bear ing o p e r a t i o n  
a t  a DN va lue  of 2.5 x 10 mm-rpm and a t h r u s t  load of 20,000 l b .  
6 
Three cage l u b r i c a n t  m a t e r i a l s  (Chemloy 719, Salox M ,  and Armalon 
405-A 116) and two b a l l  and r a c e  m a t e r i a l s  ( A I S I  440C S t e e l  and S t e l l i t e  
S t a r  J) w e r e  eva lua ted .  I n i t i a l  l u b r i c a n t  t e s t i n g  i n d i c a t e d  t h a t  Chemloy 
719 and Salox M w e r e  n e a r l y  equa l  i n  t h e i r  performance and s u p e r i o r  t o  
the Armalon. The two s u p e r i o r  l u b r i c a n t s  were t e s t e d  w i t h  va r ious  combi- 
n a t i o n s  of  b a l l  and r a c e  materials.  The r e s u l t s  of these tests i n d i c a t e d  
t h a t  each l u b r i c a n t  performed b e s t  w i t h  a d i f f e r e n t  combination of b a l l  
and r a c e  m a t e r i a l s .  
A complete 110-nun bea r ing  was designed, based on the  f i n d i n g s  of 
t he  b a l l - p l a t e  t e s t i n g .  
chased i n  two d i f f e r e n t  m a t e r i a l  combinations: (1) A I S I  440C b a l l s  and 
r aces  and Chemloy 719 cage l u b r i c a n t ;  (2) S t a r  J b a l l s  and A I S I  440C r a c e s  
wi th  Salox M cage l u b r i c a n t .  
Bearings of t h i s  geomet r i ca l  design w i l . 1  be pur -  
The t e s t i n g  of t hese  complete bear ings w i l l  be r epor t ed  i n  t h e  second 
volume of t h i s  F i n a l  Report .  
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SECTION I 
INTRODUCTION 
Since t h e  f i r s t  a t tempts  t o  use r o l l i n g  element bear ings w i t h  l i q u i d  
hydrogen coo lan t  t en  yea r s  ago, improvements i n  bea r ing  des ign  and the  use 
of l u b r i c a n t  m a t e r i a l s  i n  bea r ing  cages have r e s u l t e d  i n  s t eady  i n c r e a s e s  
i n  bea r ing  l i f e  and o p e r a t i n g  c a p a b i l i t i e s .  However, t h e  l a r g e r  s i z e s  
and inc reased  o p e r a t i n g  speeds of t h e  advanced turbopumps t h a t  a r e  being 
developed today o f t e n  exceed the  s t a t e - o f - t h e - a r t  of bea r ing  development. 
The high a x i a l  loads on  t h e  bear ings and the  high DN l e v e l s  imposed by 
the inc reased  speeds and p res su res  of advanced turbomachinery reduce 
bea r ing  l i f e  t o  marginal l e v e l s  w i th  p r e s e n t  bea r ing  m a t e r i a l s .  These 
l i m i t a t i o n s  imposed by p resen t  m a t e r i a l s  may be overcome by new m a t e r i a l  
combinations t o  achieve the  r equ i r ed  u s e f u l  bea r ing  l i f e  f o r  space 
a p p l i c a t i o n s .  
One a r e a  i n  which m a t e r i a l s  improvements can prove very b e n e f i c i a l  
i s  t h a t  of s o l i d  l u b r i c a n t s .  When s o l i d  l u b r i c a n t s  a r e  used a s  bea r ing  
cages,  t h e  f r i c t i o n  of t he  r o l l i n g  element on t h e  cage d i s p l a c e s  the  
l u b r i c a n t  and d e p o s i t s  i t  on t h e  b a l l s  and r a c e s  providing the l u b r i c a t i o n  
r equ i r ed  t o  o p e r a t e  bear ings i n  an  LH environment. P&WA acqu i red  exper- 2 
i ence  i n  t h i s  form of l u b r i c a t i o n  during our development of the RLlO 
r o c k e t  engine,  and under bea r ing  development Con t rac t  NAS8-1153 with t h e  
George C.  Marshal l  F l i g h t  Center.  The p resen t  program, while o r i e n t e d  
i n  a s l i g h t l y  d i f f e r e n t  d i r e c t i o n ,  h a s  b e n e f i t t e d  by t h e  techniques and 
the  b a l l - p l a t e  t e s t  r i g  which were r e f i n e d  i n  the  e a r l i e r  program. 
Another a r e a  f o r  p o s s i b l e  improvement i s  t h a t  of t h e  m a t e r i a l s  f o r  
b a l l s  and r a c e s .  I f  s u f f i c i e n t l y  s t r o n g  and hard m a t e r i a l s  w i t h  low 
c o e f f i c i e n t s  of f r i c t i o n  can be developed, t he  requirements f o r  both 
coo lan t s  and l u b r i c a n t s  can be reduced wi th  a t t e n d a n t  improved bear ing 
l i f e .  
This  program was e s t a b l i s h e d  t o  eva lua te  t h e  r e l a t i v e  performance 
of cage, r ace  and b a l l  m a t e r i a l s  i n  a b a l l - p l a t e  t e s t  apparatus  a t  con- 
d i t i o n s  s imula t ing  some of t he  bea r ing  ope ra t ing  parameters and t o  app ly  
the r e s u l t s  of t h i s  e v a l u a t i o n  t o  t h e  design of 110-mm bea r ings .  
1-1 
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The t e s t i n g  r epor t ed  h e r e i n  inc ludes  the  e v a l u a t i o n  of t h r e e  t e f l o n -  
based cage materials (Chemloy 719('), Sa lox  M"), and Armalon 405A-111 (3) )  , 
and two b a l l  and race m a t e r i a l s  ( A I S I  4 . 4 0 ~ ' ~ )  and S t e l l i t e  S t a r  J (5)) 
A l l  t e s t s  on these  materials were conducted i n  l i q u i d  hydrogen a t  con- 
d i t i o n s  equ iva len t  t o  a bea r ing  DN of 2.5 x 10 and an  axial  load of 
20,000 l b ,  
6 
The material  eva lua t ion  tes ts  were conducted i n  two phases,  t h e  
f i r s t ,  t o  e v a l u a t e  t h e  t h r e e  s e l e c t e d  l u b r i c a n t  materials and t h e  second, 
t o  t e s t  two b a l l  and race m a t e r i a l s ,  I n  t h e  f i r s t  phase, t h e  performance 
of t h e  t h r e e  l u b r i c a n t s  was compared us ing  A I S I  440C material f o r  t he  
b a l l s  and race, The t e s t  r e s u l t s  i n d i c a t e d  t h a t  bo th  Chemloy 719 and 
Salox M provided b e t t e r  l u b r i c a t i o n  than  Armalon 405A-111 wi th  Chemloy 719 
demonstrat ing t h e  lowest  wear ra te .  It was, t h e r e f o r e ,  s e l e c t e d  as t h e  
primary l u b r i c a n t  f o r  t h e  b a l l  and race material t e s t i n g  i n  phase 11. 
An a d d i t i o n a l  series o f  t e s t s  w a s  conducted us ing  Sa lox  M wi th  the S t a r  J 
b a l l  and race material .  
The material sc reening  t e s t s  have been completed and t h e  r e s u l t s  a re  
r epor t ed  he re in .  From t h e  d a t a  obta ined ,  t h e  most promising material  
combinations were s e l e c t e d  f o r  use i n  the  Design and F a b r i c a t i o n  of 
1 1 0 - m m  bear ings .  The second volume of  t h i s  r e p o r t  w i l l  cover  t h e  a c t u a l  
bea r ing  tes ts .  
("Chemloy 719 i s  a g l a s s - f i b e r ,  MoS2, Tef lon  mixture  manufactured 
("Salox M i s  a mixture  of bronze and Tef lon  manufactured by A l -  
(3)Armalon 40511-116 i s  a g l a s s  f a b r i c  laminated wi th  Tef lon  manu- 
f a c t u r e d  by E.  I. DuPont de Nemours & Co,, Wilmington, D e l .  
(4)AISI 440C i s  a high chromium hardenable  s t e e l  commonly used f o r  
( 5 ) S t e l l i t e  S t a r  J i s  a complex a l l o y  of c o b a l t  and i s  a product  
by Crane Packing Co., Morton Grove, I l l i n o i s .  
legheny P l a s t i c s ,  I n c . ,  Coraopol i s ,  Pa. 
bea r ings  and c u t l e r y .  
of Haynes S t e l l i t e  D iv i s ion  of Union Carbide Corp. 
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SECTION I1 
SUMMARY OF RESULTS 
I n  t h i s  t es t  program, t h r e e  t e f lon -based  l u b r i c a n t s  (Chemloy 719, 
Salox M, and Armalon) w e r e  t e s t e d  wi th  v a r i o u s  combinations of b a l l s  and 
race p l a t e s  made from AISI 440C and S t e l l i t e  S t a r  J. 
simulated most of t h e  parameters  of a 110-mm bea r ing  run  i n  l i q u i d  
hydrogen. The series of tests r e s u l t e d  i n  t h e  fol lowing f ind ings :  
T e s t  cond i t ions  
1. 
2. 
3.  
4. 
5. 
Armalon 405A-116, a laminated g l a s s  f i b e r  and Teflon 
m a t e r i a l ,  f a i l e d  a f t e r  12 and 19 hours when t e s t e d  
wi th  A I S I  440C b a l l s  and races. The performance of 
t h i s  m a t e r i a l  was i n f e r i o r  t o  the o t h e r s  t e s t e d .  
ChemLoy 719, a Teflon compound w i t h  g l a s s  f i b e r s  and 
MoS2, proved t o  be t h e  most w e a r - r e s i s t a n t  material 
of those t e s t e d  when run with A I S I  440C b a l l s  and 
r a c e s .  When t e s t e d  w i t h  S t e l l i t e  S t a r  J b a l l s  t he  
Chemloy 719 wore a t  a s l i g h t l y  higher  r a t e  than 
Salox M. 
Salox M, a t e f l o n  base with bronze powder f i l l e r ,  
w a s  found t o  have the  lowest wear r a t e  when tes ted 
wi th  S t e l l i t e  S t a r  J b a l l s .  It was s l i g h t l y  less 
w e a r - r e s i s t a n t  t han  t h e  Chemloy 719 (bu t  was s t i l l  
s a t i s f a c t o r y )  when used with A I S I  440C b a l l s .  
AISI 440C shows more promise as a race material 
cand ida te  t h a n  does t h e  S t e l l i t e  S t a r  J material 
which demonstrated a h ighe r  p l a t e  wea r  rate. 
S t a r  J and A I S I  440C have equa l  m e r i t  f o r  u s e  as 
ba l l s  when l u b r i c a t e d  by t h e  proper  material, 
i .e. ,  Salox M f o r  S t a r  J b a l l s  and Chemloy 719 f o r  
AISI 440C b a l l s .  
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SECTION I11 
APPARATUS 
The b a l l - p l a t e  t e s t  appara tus  used i n  t h i s  program i s  shown i n  f i g u r e s  
111-1 and 111-2. This appa ra tus  was designed s p e c i f i c a l l y  t o  eva lua te  b a l l ,  
r a c e ,  and cage materials f o r  bea r ings  as we l l  as l u b r i c a t i o n  methods. 
The t e s t  s e c t i o n  of t h e  appa ra tus  c o n s i s t s  of two c o u n t e r - r o t a t i n g  
t e s t  d i s k s  and a r e t a i n e r  d i sk .  The two t e s t  d i s k s  c o n t a i n  removable 
t e s t  p l a t e s ,  which are made of t he  race materials t o  be evaluated,, One 
of t hese  p la tes  i s  a smooth f l a t  s u r f a c e  whi le  t h e  o t h e r  i s  machined 
wi th  one o r  more concen t r i c  v-grooves t o  a l low s e l e c t i o n  of t he  b a l l  
s p i n  ra te .  These two p l a t e s ,  t o g e t h e r  wi th  t h r e e  equa l ly  spaced b a l l s ,  
make u p  t h e  b a l l  and race material t e s t  specimens. The r e t a i n e r  d i s k  
con ta ins  t h e  l u b r i c a t i n g  i n s e r t s ,  which s imula t e  t h e  b a l l  r e t a i n e r s .  
Figure 111-3 shows t h e  d e t a i l s  of t h e  l u b r i c a n t  i n s e r t s  and b a l l  pocket. 
The t h r e e  d i s k s  con ta in ing  t h e  t e s t  specimens are  loca ted  i n  t h e  c e n t e r  
housing through which t h e  l i q u i d  hydrogen f lows.  The c e n t r a l  t es t  sec- 
t i o n  i s  i s o l a t e d  from each of t h e  bea r ing  housings by t h e  helium purged 
double f a c e  seals.  
Retainer Insert (3) Modified for Cryogenic Testing 
Figure  111-1, B a l l - P l a t e  Apparatus FD 6728B 
111- 1 
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Figure  111-2. Closeup o f  B a l l - P l a t e  Tes t  FD 41263 
Apparatus Tes t  Sec t ion  
0.095 - 0.097 Dia 
Thru 4 Holes 
Equally Spaced 
and Located 
Within 0.005 of 
0.197 
0.195 
0.464 
0.424 Dia 
View of Slot 0.392 
Ref 
0.120 
0.110 
Section A-A 
0.226 
0.216 
1. Material: Chemloy 7-19 
or Salox - M 
or Armalon 405A - 116 
Within 0.005 FIR 
2. All Dia Must be Concentric 
Figure  111-3, I n s e r t  and B a l l  Pocket Dimensions FD 24379 
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The s h a f t s ,  which c a r r y  the  t e s t  p l a t e s ,  a r e  supported by o i l  l u b r i -  
ca t ed  bea r ings  l o c a t e d  i n  the  c y l i n d r i c a l  housings on e i t h e r  s i d e  of the 
t e s t  s e c t i o n .  The s h a f t s  a r e  d r i v e n  by an  e l e c t r i c  d r i v e  through a 
system of t iming b e l t s  and a gearbox, which r e v e r s e s  the d i r e c t i o n  of 
one of t h e  s h a f t s .  Since the  d r i v e n  d i s k s  a r e  made t o  r o t a t e  i n  oppo- 
s i t e  d i r e c t i o n s  a t  equa l  speeds,  the r e t a i n e r  d i s k  h a s  l i t t l e  o r  no ro-  
t a t i o n  and se rves  only t o  hold t h e  b a l l s  and the i n s e r t s .  T h i s  arrange-  
ment a l s o  means t h a t  a r e l a t i v e l y  low-speed d r i v e  can be used t o  conduct 
t e s t s  a t  high e q u i v a l e n t  DN values  while  e l i m i n a t i n g  c e n t r i f u g a l  loads.  
Accurate c o n t r o l  of loading was accomplished by applying s e l e c t e d  weights 
t o  t h e  loading l e v e r  arm shown a t  the  extreme l e f t  of f i g u r e  111-1. 
T e s t  specimens a r e  shown a t  two d i f f e r e n t  r a d i a l  l o c a t i o n s  i n  f i g -  
ure 111-1. E i t h e r  l o c a t i o n  can be used f o r  a t e s t ,  and by varying the  
d i s k  rpm,  the r equ i r ed  b a l l  r o t a t i o n  v e l o c i t i e s  can be achieved. 
The s e l e c t i o n  of t he  r equ i r ed  l o a d s ,  speeds,  groove a n g l e s ,  e t c . ,  
f o r  t he  b e s t  poss ib l e  s imula t ion  was conducted using a computer, as 
o u t l i n e d  i n  Appendix A. 
For a cons t an t  app l i ed  weight on t h e  loading lever arm, t h e  Hertz- 
i a n  s t ress  a t  t h e  b a l l  and grooved p l a t e  c o n t a c t  p o i n t s  i s  a f u n c t i o n  of 
t h e  b a l l  diameter  and t h e  included ang le  of t h e  groove. A smaller groove 
angle  w i l l  provide a g r e a t e r  d i f f e r e n c e  i n  t h e  c o n t a c t  p o i n t  moment arms. 
With both c o n t a c t  p o i n t s  loaded e q u a l l y ,  t h e  spinning moment about t h e  
b a l l  ver t ica l  c e n t e r l i n e  w i l l  be  g r e a t e r  a t  t h e  l a r g e r  r a d i u s  c o n t a c t  
p o i n t .  This l a r g e r  spinning moment w i l l  c o n t r o l  and cause t h e  b a l l  t o  
sp in ,  as w e l l  as r o l l  around t h e  h o r i z o n t a l  a x i s .  The geometry of t h e  
b a l l  and groove i s  shown i n  Appendix A. (See f i g u r e  A-3.) The combined 
s p i n  and Her t z i an  stress at  t h e  b a l l  c o n t a c t s  can cause e a r l y  bea r ing  
f a i l u r e s  due t o  f r i c t i o n  and s u r f a c e  f a t i g u e .  
F a i l u r e s  of the b a l l s ,  r a c e  p la tes ,  and l u b r i c a n t  i n s e r t s  are a l l  
c h a r a c t e r i z e d  by a r i s e  i n  v i b r a t i o n  l e v e l s .  To minimize damage t o  t es t  
specimens and t o  t h e  t e s t  r i g ,  an automatic shutdown system w a s  used. 
This system w a s  based on an accelerometer  l oca t ed  on the  r i g  loading a r m .  
An e l e c t r o n i c  system s h u t  down the  r i g  d r i v e  when the  a c c e l e r a t i o n s  reached 
a preset  l e v e l .  
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Rig c o n t r o l  and maintenance of d e s i r e d  tes t  cond i t ions  w e r e  obtained 
by measuring : 
1. Rig rpm 
2 .  Coolant f low rate 
3 .  Coolant i n l e t  temperature 
4 .  Coolant d i scha rge  temperature 
5 .  Rig v i b r a t i o n s  
a.  Axial 
b.  Horizontal  
c .  Vertical 
6.  Re ta ine r  p l a t e  rpm 
7 .  Coolant p re s su re  a t  i n l e t  
8. Coolant p r e s s u r e  a t  d i scha rge  
9. Load a r m  d e f l e c t i o n  ( r e l a t i v e  wear i n d i c a t o r ) .  
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SECTION I V  
BEARING CAGE LUBRICANT SCREENING TESTS AND SELECTION 
A .  GENERAL 
The o b j e c t i v e  of t h i s  p o r t i o n  of t he  program was t o  e v a l u a t e  t h r e e  
s p e c i f i e d  bear ing cage l u b r i c a n t s  u s ing  the  b a l l - p l a t e  t es t  apparatus  
and t o  s e l e c t  t he  most promising one f o r  use i n  subsequent t e s t i n g  of 
b a l l  and r a c e  m a t e r i a l s .  The b a l l  and r a c e  m a t e r i a l  s p e c i f i e d  a s  a 
s t anda rd  f o r  use i n  t h i s  phase of t e s t i n g  w a s  A I S 1  440C s t e e l .  
Three tes t s  of each l u b r i c a n t  m a t e r i a l  were t o  be conducted a t  
s imulated ope ra t ing  cond i t ions  of a 110-mm bea r ing  ope ra t ing  i n  l i q u i d  
hydrogen a t  a t h r u s t  load of 20,000-lb and a t  a DN va lue  of 2.5 x 10 
mm-rpm. The d u r a t i o n  of each t e s t  was t o  be twenty hours o r  u n t i l  
f a i l u r e ,  whichever occurred f i r s t .  Two modes of f a i l u r e  a r e  considered:  
(1) t h e  l u b r i c a n t  i n s e r t  may wear through t o  t h e  aluminum suppor t  p l a t e ,  
and (2) a mechanical f a i l u r e  o f  t h e  t e s t  p l a t e s  o r  b a l l s .  E i t h e r  of t hese  
two f a i l u r e s  i s  d e t e c t e d  by a r i s e  i n  t h e  t es t  appa ra tus  v i b r a t i o n s .  
6 
The l u b r i c a n t s  s p e c i f i e d  f o r  e v a l u a t i o n  t e s t i n g  were 
1. Chemloy 719, a MoS2-glass f i b e r  f i l l e d  Teflon (5% MoS2 
and 15% g l a s s  f i b e r s  by weight) 
by weight) 
2 .  Salox M, a bronze f i l l e d  Teflon composition (40% bronze 
3 .  Armalon 405A-116, a Teflon g l a s s  f a b r i c  laminate .  
The Chemloy 719 l u b r i c a n t  s u c c e s s f u l l y  completed the  t h r e e  scheduled 
endurance t e s t s  demonstrat ing good l u b r i c a t i n g  q u a l i t i e s  and a l o w  wear 
r a t e .  The Salox M a l s o  demonstrated good performance du r ing  t h e  scheduled 
endurance tes t s ,  I n  t h e  case  of  t he  Salox M, four  i n s t e a d  of t h r e e  tests 
were conducted t o  o f f s e t  two premature t e s t  t e rmina t ions ,  one due t o  a b a l l  
f a i l u r e  and the  o t h e r  a r i g  malfunct ion,  The Armalon m a t e r i a l  c o n s i s t e n t l y  
demonstrated poor wear r e s i s t a n t  q u a l i t i e s ;  t h e r e f o r e ,  only two tes ts  were 
completed and t h e  t h i r d  was committed t o  t h e  Salox M eva lua t ion ,  
A summary of r e s u l t s  is  presented i n  the  fol lowing paragraphs.  The 
t e s t  d a t a  and t e s t  specimen c o n f i g u r a t i o n  f o r  each t e s t  a r e  given i n  
t a b l e s  B - 1  through B - 1 0 ,  Appendix B.  Photographs of r e p r e s e n t a t i v e  wear 
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of each type  of l u b r i c a n t  a f t e r  completion of t e s t i n g  i s  shown Lr;  f i g -  
u r e s  I V -  1 through IV-3. 
F igure  I V - 1  p r e s e n t s  a t y p i c a l  Chemloy 719 i n s e r t  a f t e r  19 hours ,  
56 minutes ,  showing l i t t l e  b a l l  pocket  wear. 
. F i g u r e  I V - 2  shows a t y p i c a l  Salox M l u b r i c a n t  i n s e r t  a f t e r  20 hours 
of t e s t i n g .  B a l l  pocket  wear i s  w e l l  w i t h i n  e s t a b l i s h e d  l i m i t s .  
F igu re  I V - 3  shows an Armalon i n s e r t  a f te r  1 2  hours  and 25 minutes  
o f  t e s t i n g .  Note t h a t  t h e  wear has pene t r a t ed  i n t o  t h e  aluminum mount- 
i ng  p l a t e ,  
Figure I V - 1 .  Chemloy 719 I n s e r t  After 19-hr 56-min Test  
(Tes t  No. 7) 
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Figure I V - 2 .  Salox M I n s e r t  Af t e r  20-hr Test ( T e s t  No. 2) 
Figure I V - 3 .  Armalon I n s e r t  Af t e r  12-hr 25-min Test  
(Tes t  No. 3) 
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The b a l l - p l a t e  appa ra tus ,  which has two t r a c k s  a t  d i f f e r e n t  r a d i i  on 
each t e s t  p l a t e ,  w a s  operated a t  7616 o r  8100 rpm (depending on which 
r a d i u s  t r a c k  was i n  use)  t o  ma in ta in  t h e  r equ i r ed  b a l l  speed. With an 
a x i a l  load of 116 l b / b a l l ,  a H e r t z  s t ress  of 315,000 p s i  w a s  experienced 
by the grooved p l a t e s  a t  l i q u i d  hydrogen temperatures .  
F igu re  IV-4 p resen t s  a s u r f a c e  and c r o s s - s e c t i o n  view of an  AISI 440C 
b a l l  t h a t  f a i l e d  by f a t i g u e  a t  t h e  po in t  of an  i n c l u s i o n  of f o r e i g n  
m a t e r i a l  du r ing  t h e  i n i t i a l  b a l l  p l a t e  t e s t i n g ,  
B.  TEST ANALYSIS 
Analysis  of t h e  n i n e  tests performed wi th  Chemloy 719, Salox M, and 
Armalon when o p e r a t i n g  wi th  A I S I  440C b a l l s  and p l a t e s  shows t h a t  t h e  
wear r a t e  of Chemloy 719 is  s l i g h t l y  lower than t h a t  of Salox M. The 
Armalon i s  u n s a t i s f a c t o r y  because i t  d i d  n o t  complete t h e  20-hour en- 
durance t e s t  t h a t  w a s  s p e c i f i e d  as a s t anda rd  t o  e v a l u a t e  the  l u b r i c a n t s .  
The wear rates on the  i n s e r t s  are shown by t h e  diameter  i n c r e a s e  and weight 
l o s s  shown i n  t a b l e  I V - 1 .  Data f o r  i n d i v i d u a l  tes ts  a r e  presented i n  
Appendix B. 
C. SELECTION OF THE LUBRICANT MATERIAL 
Chemloy 719 was  s e l e c t e d  as the  b e s t  l u b r i c a n t  material f o r  u se  i n  
t h e  f a b r i c a t i o n  of t h e  bea r ing  cages as a r e s u l t  of t h e  t e s t i n g  t h a t  w a s  
conducted during t h e  l u b r i c a n t  material screening eva lua t ion .  I n  addi- 
t i o n  t o  demonstrating a low wear ra te ,  t h e  t e n s i l e  s t r e n g t h  of Chemloy 
(2300 p s i )  i s  approximately t h a t  of Salox M (2400 p s i ) ,  b u t  t h e  lower 
s p e c i f i c  g r a v i t y ,  2.13 v e r s u s  3.16 p rov ides  a h i g h e r  s t r e n g t h  t o  weight 
r a t i o .  The c e n t r i f u g a l  loads i n  a h igh  speed bea r ing  cage r e q u i r e  a 
h igh  combined s t r e n g t h  of t h e  cage material and t h e  r e t a i n e r ,  The lower 
d e n s i t y  o f  Chemloy 719 c o n t r i b u t e s  toward a lower c e n t r i f u g a l  load and 
a higher  s t rength- to-weight  r a t i o ,  and t h e s e  i n  t u r n  combine t o  reduce 
t h e  r equ i r ed  combined s t r e n g t h  and t h u s  t h e  combined weights f o r  t h e  
cage and r e t a i n e r  design.  These f a c t o r s ,  as w e l l  as t h e  low w e a r  rate 
e x h i b i t e d  during t h e  l u b r i c a n t  material sc reen ing  e v a l u a t i o n  tes ts ,  re- 
s u l t e d  i n  t h e  s e l e c t i o n  of Chemloy 719 as t h e  cage material f o r  u s e  i n  
t h e  remainder of t h e  b a l l  and race material e v a l u a t i o n  tests and t h e  
cage material f o r  t h e  f i r s t  s ix  100-mm b a l l  bea r ings  t o  be procured 
under t h e  c o n t r a c t .  
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(MAG: SX) 
F igu re  IV-4a. Overa l l  V i e w  of B a l l  Showing FL 7761 
Spa 11 ing  . The Configurat ion 
of t h e  S p a l l i n g  i s  no t  S imi l a r  
t o  t h e  S p a l l i n g  Found i n  
Fa t igue  (Test N o .  4) 
(MAG: 40X) 
F igu re  IV-4b. Transverse V i e w  of S p a l l i n g  FL 7761 
Showing Oxide I n c l u s i o n  (Arrow) 
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SECTION V 
BALL AND RACE MATERIAL TESTS AND SELECTION 
U S I N G  CHEMLOY 7 19 LUBRICANT MATERIAL 
A .  GENERAL 
A s  a r e s u l t  of t h e  cage l u b r i c a n t  s c reen ing  t h a t  i s  r epor t ed  i n  
Sec t ion  I V  of t h i s  r e p o r t ,  Chemloy 719 (a mixture  of Teflon,  g l a s s  f i b e r ,  
and molybdenum d i s u l f i d e )  was s e l e c t e d  and used f o r  t h e  ba l l - and- race  
m a t e r i a l  e v a l u a t i o n  t e s t s  i n  the  b a l l - p l a t e  t e s t  appa ra tus .  Two d i f f e r e n t  
materials,  S t e l l i t e  S ta r  J and A I S I  440C s teel ,  were evaluated as candi-  
d a t e s  f o r  bea r ing  b a l l s  and r aces .  The fou r  combinations t e s t e d  with 
Chemloy 719 were (1)  AISI 440C b a l l s  and races, (2) A I S I  440C b a l l s  and 
S t a r  J races, (3) Star J b a l l s  and races, and (4) S t a r  J b a l l s  and 
A I S I  440C r a c e s .  
T e s t  d a t a  from t h e  t h r e e  tests u s i n g  Chemloy 719 i n  t h e  l u b r i c a n t  
screening phase were used f o r  t h e  AISI 440C b a l l  and race eva lua t ion .  
Tests of t h r e e  of each o f  t h e  o t h e r  combinations were conducted i n  l i q u i d  
hydrogen wi th  t h e  same o p e r a t i n g  parameters  of t h e  b a l l - p l a t e  appa ra tus  
t h a t  were used i n  t h e  l u b r i c a n t  eva lua t ion .  Each tes t  was scheduled f o r  
20 hours d u r a t i o n ,  o r  u n t i l  f a i l u r e ,  whichever occurred f i r s t ,  Seven of 
t h e  a d d i t i o n a l  n i n e  t e s t s  completed t h e  20-hour endurance requirement.  
Two tes ts  w e r e  stopped prematurely because of b a l l  f a i l u r e s .  Both tes t  
f a i l u r e s  were w i t h  S ta r  J b a l l s  r o l l i n g  on A I S 1  440C p l a t e s  and occurred 
a f t e r  11 and 14 hours of t e s t i n g ,  r e s p e c t i v e l y ,  
The r e s u l t s  of a l l  of t he  b a l l  and r a c e  m a t e r i a l  t e s t s  u s ing  Chemloy 
719 a s  t h e  l u b r i c a n t  a r e  presented i n  t h i s  s e c t i o n  and a r e  summarized i n  
t a b l e  V - 1 .  De ta i l ed  t es t  r e s u l t s  a r e  presented i n  t a b l e s  i n  Appendix B. 
B e  FACTORS CONSIDERED I N  THE TEST PROGRAM AND ANALYSIS OF TEST DATA 
The parameters used t o  a s s e s s  and compare the  va r ious  m a t e r i a l  com- 
b ina t ions  were 
1. Sur face  cond i t ion  a f t e r  tes t  
2 .  Subsurface m i c r o s t r u c t u r e  i n  c o n t a c t  a r e a s  
3 .  Degree of wear 
4 .  Hardness of c r i t i c a l  a r e a s  
5 .  Weight l o s s  of l u b r i c a n t  i n s e r t s  
6 .  Vibra t ion  a s  f u n c t i o n  of t i m e .  
v-1 
PWA FR-2390 
a 
a, 
h 
o m  
$409  
4 J h - X  
m 4 - X  
E d  
d m h  N 
3 0 4  N 
0 0 0  0 
h h d  m m a a  N 
N 4 O  
0 0 0  0 
m d - J  3 . . . .  . . . .  
0 0 0  0 
m m N  w - c o r n  m 
lndln 0 
4 4 0  4 
0 0 0  0 
. . . .  
m m m  m 
0 0 0  
0 0 0  0 
m m d  8 . . . .  4 
4 0 
a m 0  
4 4 -  
4 0 0  
0 0 0  
. . .  
h a 
0 b g 6  . . . .  
0 0 0  0 
(d k d d  d . . . .  0 0 0  0 0 
a A d  m m o o  0 
4 0 0  0 
. do0  0 
4 m m  N 
0 0 0  0 
0 0 0  0 
~ m m  cn 
+iA% 
0 0 0  0 
0 0 0  0 
G 2  0 0 0  . . . .  
0 0 0  0 
(d F,dd d . . . .  0 0 0  0 . . .  0 0 0  0 
% 
-X h m  In 
n 
$4 
h o b  4 N w N  h 
0 0 4  0 
0 0 0  0 
0 0 0  0 
o h m  
0 0 0  
0 0 0  
0 0 0  c o o c o  4 N 4  d 
0 0 0  0 
0 0 0  0 
0 0 0  0 
0 0 0  0 
. . . .  
a 2 4  4 
0 0 0  0 
4 0 0  0 
. d o 0  0 
(d k d d  d . . . .  0 0 0  0 . . .  0 0 0  0 
o m 0  
- m o  
4 4 N  
. . .  0 0 0  
0 0 0  
N N N  
. . .  0 0 0  . I .  
0 0 0  
N N N  
u .  
m o  
alz 
H 
a h a  
m u 
m 
m a, 
a r m  H u 4  
a 4  m 4 a  
P-IM a, 
M u v  (d 
0 0  $4 
d d  aJ 
d d  
H H  
(0 u 
m ar 
E-l 
m 
k 
al 
2 
L l k  
( d m  +Ju mcn 2 2  c n c n  
v-2 
PWA FR-2390 
The r e s u l t s  of t h e  ana lyses  of each f a c t o r  a r e  d iscussed  i n  t h e  
fol lowing paragraphs e 
1. Surface  Condition Af te r  Tes t ing  
Photomicrographs were made of t h e  s u r f a c e  of one b a l l  and t h e  f l a t  
p l a t e  from each t e s t .  Of t h e s e ,  one set of photomicrographs was chosen 
a s  r e p r e s e n t a t i v e  of t h e  p a r t i c u l a r  combination of  m a t e r i a l s ;  t h e s e  a r e  
presented i n  f i g u r e s  V - 1  through V-4. 
a .  Chemloy 719 wi th  A I S I  440C Ba l l s  and P l a t e s  
Figure V - 1  shows photomicrographs of t h e  su r faces  of a b a l l  and a 
p l a t e  of A I S I  440C a f t e r  twenty hours  of t e s t i n g  i n  l i q u i d  hydrogen wi th  
Chemloy 719 l u b r i c a n t  i n  t e s t  No.  7. The dark co lo r  of t h e  b a l l  t r a c k  
on t h e  f l a t  p l a t e  shown i s  t y p i c a l  o f  t h a t  experienced i n  most of t h e  
b a l l - p l a t e  t e s t s  t h a t  were conducted under t h i s  program. The dark co lo r  
i s  caused by t h e  mechanical t r a n s f e r  of t h e  Chemloy 719 from t h e  cage t o  
t h e  b a l l s  and t h e  f l a t  p l a t e ,  
The wear p a t t e r n  shown i s  g e n e r a l l y  p a r a l l e l  t o  a f ixed  plane 
through t h e  b a l l ,  and i s  t y p i c a l  of t h a t  exh ib i t ed  by most of t h e  b a l l s  
t e s t e d  dur ing  t h i s  program. With r e f e r e n c e  t o  a coord ina te  system wi th  
i t s  o r i g i n  a t  t h e  b a l l  c e n t e r  and one of i t s  coord ina te  axes a l igned  
wi th  t h e  l i n e - o f - c e n t e r s  of t h e  b a l l  and t h e  t e s t  r i g  a x i s  of r o t a t i o n ,  
t h e  b a l l  appears t o  have been ope ra t ing  i n  a pure r o l l i n g  mode. Refer-  
r i n g  t o  f i g u r e  A-3 i n  Appendix A, it i s  ev ident  t h a t  i f  t h e  p l a t e  i s  
being r o t a t e d  about i t s  c e n t e r  and t h e  b a l l  i s  held e s s e n t i a l l y  motion- 
l e s s  i n  t h e  plane p a r a l l e l  t o  t h e  p l a t e ,  t h e  ou te r  b a l l  contac t  po in t  
i n  t h e  groove w i l l  be t r a v e l i n g  f a s t e r  than  t h e  inne r  con tac t  po in t .  
This c r e a t e s  a moment t h a t  w i l l  cause t h e  b a l l  t o  s p i n  about a b a l l  a x i s  
t h a t  i s  perpendicular  t o  the  plane of t h e  p l a t e  u n l e s s  s l i ppage  occurs  
a t  one or  both of  t h e  con tac t  po in t s .  Assuming t h a t  t h e  p a r a l l e l  wear 
paths  r e p r e s e n t  pure r o l l i n g ,  s l i ppage  must have occurred.  The r o l l i n g  
cond i t ion  concent ra ted  t h e  load cyc le s  t o  pa ths  p a r a l l e l  t o  a f ixed  
plane through t h e  b a l l .  
on t h e  b a l l s  than  would be experienced i n  an a c t u a l  bea r ing  where b a l l  
s p i n  d i s t r i b u t e s  t h e  s u r f a c e  load cyc le s  over t h e  e n t i r e  su r face .  The 
s l i g h t  darkening of t h e  b a l l  i n  f i g u r e  V - 1  i s  caused 
This imposed a more severe  s u r f a c e  f a t i g u e  t e s t  
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F igure  V - l a .  AISI 440C F l a t  P l a t e  Wear P a t t e r n  FD 15522 
(Tes t  No. 7 )  
F igure  V-lb, AISI 440C B a l l  Wear P a t t e r n  
(Tes t  No. 7 )  
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by smears of Chemloy 719. 
considered e x c e l l e n t .  
Sur face  cond i t ions  of p l a t e s  and b a l l s  were 
b. Chemloy 719 w i t h  S t a r  J B a l l s  and A I S I  440C Plates 
Figure  V-2 p r e s e n t s  photomicrographs of t h e  s u r f a c e s  of a S t a r  J 
b a l l  and t h e  A I S I  440C f l a t  p l a t e  on which it w a s  run f o r  20 hours  i n  
test  No. 12. Again, b a l l  s p i n  apparent ly  was not  p r e s e n t  and a f i x e d  
wear pa th  w a s  genera ted .  The s u r f a c e  of  t he  b a l l  i s  s l i g h t l y  co lo red  
and small  b i t s  of Chemloy 719 can be seen adhering t o  t h e  su r face .  
i s  evidence of a s l i g h t  roughening of t h e  b a l l  s u r f a c e  i n  t h e  form of 
minute p i t s  (un l ike  s p a l l i n g ,  which i s  comnon t o  a bear ing  m a t e r i a l  such 
a s  A I S I  440C). This  cond i t ion  does no t  appear t o  be a r e s u l t  of a s p e r i t y  
welding. The f l a t  AISI 440C p la t e  shows only a s l i g h t  wear pa th  as i n  
prev ious  tests wi th  A I S I  440€ b a l l s .  
There 
The o t h e r  two tests of t h i s  m a t e r i a l  combination ( t e s t s  No. 10 and 
11) completed only 14 and 11.5 hours  before  a b a l l  f a i l u r e  ended each 
t e s t .  A l a b o r a t o r y  a n a l y s i s  of t h e  b a l l s  used i n  t h e s e  tests i s  
included a t  t h e  end of t h i s  s e c t i o n  as paragraph D. 
c .  Chemloy 719 wi th  A I S I  440C Balls and S t a r  J P l a t e s  
F igure  V-3  p r e s e n t s  photomicrographs of t h e  s u r f a c e s  of an AISI  440C 
b a l l  and a S t a r  J f l a t  p l a t e  t h a t  completed 20 hours  i n  t es t  No. 14. 
The f l a t  p l a t e  shows normal wear wi th  no s u r f a c e  d i s t r e s s .  The A I S I  440C 
b a l l  shows two d i s t i n c t  pa ths  of wear. This  i s  a t t r i b u t e d  t o  a r e o r i e n t a -  
t i o n  of t h e  b a l l  a f t e r  a r o u t i n e  i n s p e c t i o n  dur ing  t h e  t e s t  program. The 
su r face  of t h e  b a l l  shows normal wear wi th  some d i s c o l o r a t i o n  due t o  de- 
p o s i t s  of Chemloy 719. 
d. Chemloy 719 wi th  S t a r  J Balls and Plates 
Figure  V-4 p r e s e n t s  photomicrographs of t h e  s u r f a c e s  of a b a l l  and 
p l a t e  made of S t a r  J, t e s t e d  f o r  20 hours  during test No. 16. The f l a t  
p l a t e  from t h i s  t e s t  appears  normal wi th  no s u r f a c e  d i s t r e s s  ev ident .  
The S t a r  J b a l l  shows t h r e e  wear t r a c k s  and i s  a t t r i b u t e d  t o  b a l l  r e -  
o r i e n t a t i o n  a f t e r  r o u t i n e  examinations during t h e  tes t  program. The 
b a l l  shows s i g n s  of s u r f a c e  roughening i n  t h e  wear zone, This roughness 
appears  t o  be somewhat s i m i l a r  t o  t h e  s p a l l i n g  of A I S I  440C m a t e r i a l s ,  
but apparent ly  i s  not  de t r imen ta l  t o  t h e  ope ra t ion  of t h e  b a l l .  
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F igure  V-2a. A I S 1  440C F l a t  P l a t e  Wear P a t t e r n  FD 15524 
( T e s t  No. 12) 
(MAG: 8X) 
F igure  V-2b. S t a r  J B a l l  Wear P a t t e r n  (Test  No. 12) FD 15524 
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Figure V-3a. S t a r  J F l a t  P l a t e  Wear P a t t e r n  FD 15521 
(Tes t  No. 14)  
F igure  V-3be A I S 1  440C B a l l  Wear Pa t t e rn  
(Tes t  No. 14) 
(MAG: SX) 
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Based on the  s u r f a c e  cond i t ion  of t h e  b a l l s  and p l a t e s  t h a t  w e r e  
t e s t e d  wi th  Chemloy 719 l u b r i c a n t  i n  t h e  b a l l - p l a t e  appa ra tus ,  i t  appears 
t h a t  of t he  materials t e s t e d  the  b e s t  combination f o r  use with Chemloy 
719 l u b r i c a n t  i n  f u l l - s c a l e  bea r ings  i s  A I S I  440C b a l l s  and A I S I  440C r a c e s .  
2 .  Subsurface Mic ros t ruc tu re  i n  Contact Areas 
A p o s t - t e s t  subsu r face  microscopic examination w a s  made on a l l  b a l l  
and p l a t e  t e s t  samples both be fo re  and a f t e r  e t ch ing .  The b a l l s  and 
p l a t e s  were sec t ioned  t o  r e v e a l  t h e  subsu r face  zone. The subsu r face  zone 
is approximately 0.020-in. deep, and is t h e  a r e a  i n  which bear ing f a t i g u e  
f a i l u r e s  normally o r i g i n a t e .  No evidence of subsu r face  d i s t r e s s  o r  c r acks  
caused by f a t i g u e  w a s  noted i n  any of t hese  samples. Photos of r ep re -  
s e n t a t i v e  sec t ioned  A I S I  440C and S t a r  J b a l l s  a r e  presented i n  f i g u r e  V-5. 
A s  can be seen ,  the S t a r  J i s  made up  of f i n e  n e e d l e l i k e  c r y s t a l s  somewhat 
l a r g e r  than the more homogeneous s t r u c t u r e  of the A I S I  440C b a l l s .  The 
d i f f i c u l t y  i n  c o n t r o l l i n g  t h e  g r a i n  s ize  of t h e  S t a r  J material i s  evi- 
den t  i n  f i g u r e  V-6 which shows t h e  g r a i n  s t r u c t u r e  of a S t a r  J b a l l  t h a t  
f a i l e d  du r ing  test. 
probably due t o  a low cool ing rate. 
I n  t h i s  b a l l  t h e  needle  c r y s t a l s  were enlarged,  
Typical mic ros t ruc tu res  of A I S I  440C and S t a r  J p l a t e s  are shown i n  
f i g u r e  V - 7 .  
whi le  t he  S t a r  J shows even longer n e e d l e l i k e  c r y s t a l s  than t h a t  of t h e  
b a l l s .  This is probably caused by the  slower coo l ing  of t h e  l a r g e  c e n t r i f -  
ugal  c a s t i n g  used f o r  t h e  p l a t e  mater ia l .  
Again the  A I S I  440C s t r u c t u r e  i s  f i n e  grained and homogeneous 
While the subsurface examination of the mic ros t ruc tu re '  of t he  t e s t  
samples  d i d  no t  r e v e a l  f a t i g u e  cracks i n  e i t h e r  mater ia l ,  the AISI 440C 
m a t e r i a l  i s  considered more s u i t a b l e  because the s t r u c t u r e  i s  more con- 
t r o l l a b l e  than t h e  S t a r  J.  Grain s t r u c t u r e  of t h e  two metals i s  d i s -  
cussed f u r t h e r  on page V-23. 
3 .  Degree of Wear 
Evaluat ion of t h e  wear experienced by t h e  t e s t  samples w a s  made by 
d i f f e r e n t  means f o r  t h e  b a l l s  and p l a t e s  a s  desc r ibed  below. 
a .  Test  Bal ls  
The wear on t h e  b a l l s  was measured by dimensional i n spec t ion  and 
weight change. The r educ t ion  i n  b a l l  diameter and weight loss  of the 
b a l l s  were determined i n  the fol lowing manner: 
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Figure V-5a C h a r a c t e r i s t i c  Micros t ruc ture  FD 15520 
A I S 1  440C B a l l  
(MAG: l O O X )  
F igu re  V-5b. C h a r a c t e r i s t i c  M i c r o s t r u c t u r e  FD 15520 
S t a r  J B a l l  
v-10 
PWA FR-2390 
(MAG: 8x1 
Figure V-6a. Cross-Sect ional  V i e w  of S t a r  J FL 8393 
B a l l  Showing P o r o s i t y  on Bal l  
Su r face  (Test No. 11) 
(MAG: 75X) 
Figure V-6b. S e c t i o n a l  V i e w  of S t a r  J B a l l  FL 8393 
Showing P o r o s i t y  a t  Arrows and 
Revealing Needles Where F r a c t u r i n g  
Occurred (Tes t  No, 11) 
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Figure V-7a. Characteristic Microstructure FD 15519 
A I S 1  440C Flat Plate 
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Figure V-7b. Characteristic Microstructure Star J FD 
Flat Plate 
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1. Reduction i n  b a l l  diameter was determined by use of an 
"E lec t ro  L i m i t "  B a l l  Measurement Gage , which has t h e  
c a p a b i l i t y  of d i r e c t l y  measuring b a l l  diameter t o  an 
accuracy of 0.00002 inch;  measurements were taken ac ross  
t h e  wear path whenever p o s s i b l e .  
2 .  Weight l o s s  of t h e  b a l l s  w a s  determined by using a Met t l e r  
Instrument  Company p r e c i s i o n  balance,  which has t h e  
c a p a b i l i t y  of weighing t o  an accuracy of 0.0001 gram; 
weight readings were made b e f o r e  and a f t e r  each t e s t .  
(1) B a l l  Diameter 
A s  i n d i c a t e d  i n  t a b l e s  B-6 through B-8, b a l l  diameter was on ly  
measured t o  four s i g n i f i c a n t  f i g u r e s  i n  t h e  t e s t s  of the A I S I  440C b a l l s  
and p l a t e s .  These tests were made e a r l y  i n  the  program b e f o r e  i t  was 
learned from experience t h a t  g r e a t e r  p r e c i s i o n  w a s  r equ i r ed  f o r  proper 
c o r r e l a t i o n  of t he  test d a t a .  The samples, having been sec t ioned  f o r  
o t h e r  tests and/or s e n t  t o  NASA-LeRC f o r  e v a l u a t i o n ,  are no longer  a v a i l -  
a b l e  f o r  remeasurement. I n  t h e  l a t e r  tests r epor t ed  i n  t a b l e s  B-10  
through B-18 
Comparison of t hese  d a t a  i n  t a b l e  V - l  i n d i c a t e s  a t rend t h a t  t h e  A I S I  440C 
b a l l s  r o l l i n g  on A I S I  440C p l a t e s  experience t h e  smallest diameter  change. 
b a l l  diameter  w a s  measured t o  f i v e  s i g n i f i c a n t  f i g u r e s .  
( 2 )  B a l l  Weight 
A s  w i th  t h e  diameter measurements descr ibed above, t he  weight measure- 
ments of t h e  b a l l s  were made wi th  g r e a t e r  p r e c i s i o n  i n  the  l a t e r  t e s t s  
than i n  t h e  e a r l i e r  A I S I  440C b a l l  and p l a t e  t e s t s  (0.0001 vs 0.001 gram). 
This i n t roduces  some u n c e r t a i n t y  i n  a c c u r a t e  e v a l u a t i o n  of the d a t a ;  
none the le s s ,  t r ends  a r e  no t  s i g n i f i c a n t  enough t o  provide a good comparison. 
S t a r  J has  a d e n s i t y  approximately 15% g r e a t e r  than A I S I  440C; consequent ly ,  
t he  pe rcen t  weight change method of comparison i s  more s i g n i f i c a n t  than t h e  
a c t u a l  weight change. A s  may be seen  i n  t a b l e  V - 1 ,  t h e  average percent  
weight change i s  very  s m a l l  f o r  a l l  t h e  m a t e r i a l s ,  ranging from 0.008 t o  
0.083%. The s m a l l e s t  percent  weight l o s s  va lue  (0.008%) is a s s o c i a t e d  
with t h e  S t a r  J b a l l  and AISI 440C p l a t e  combination. However, t h i s  i s  
based on only one completed 20-hour t e s t ,  s i n c e  t h e  o the r  two t e s t s  of 
t h i s  combination of b a l l  and p l a t e  m a t e r i a l  experienced b a l l  f a i l u r e s .  
(See paragraph D a t  t h e  end of t h i s  s e c t i o n ) .  Because of t h e  l i m i t e d  
d a t a  and high f a i l u r e  r a t e ,  t h i s  combination of m a t e r i a l s  was n o t  con- 
s ide red  a good combination f o r  use wi th  Chemloy 719 l u b r i c a n t .  O f  the  
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remaining combinations of b a l l  and p l a t e  m a t e r i a l s  , t h e  AISI 440C b a l l s  
on A I S 1  440C p l a t e s  show a small  advantage over t h e  S t a r  J b a l l s  on 
S t a r  J p l a t e s .  
On the  b a s i s  of t h e  inconclusive b a l l  wear d a t a ,  i t  was decided 
t h a t  n e i t h e r  of t h e  m a t e r i a l s  holds  a s i g n i f i c a n t  advantage over t h e  
o t h e r .  More ex tens ive  t e s t i n g  would be r e q u i r e d  t o  provide the  necessary 
d a t a .  
b .  Test P l a t e s  
Since t h e  loading on the f l a t  s u r f a c e  w a s  higher  and s u r f a c e  wear w a s  
more e a s i l y  measured than on the  grooved p l a t e s ,  a n a l y s i s  of p l a t e  wear 
was conducted cons ide r ing  the f l a t  p l a t e s  only.  Surface wear measure- 
ments were made us ing  a Taylor Hobson Surface Micrometer, which t r a c e s  
the  s u r f a c e  i r r e g u l a r i t i e s  and p resen t s  t h e  magnified t r a c e  on a t ape .  
The t r a c e s  ( see  f i g u r e s  V - 8  and V - 9 )  show wear t r a c k  depth ranging 
from 0.00004 t o  0.00017 inch below t h e  o r i g i n a l  s u r f a c e  wi th  a s m a l l  
p i l e -up  of m a t e r i a l  on the  edge of t h e  t r a c k  i n  some t e s t s .  The average 
w e a r  t r a c k  depth below the o r i g i n a l  s u r f a c e  i s  i n  the  following summary. 
P l a t e  Mate r i a l  
A I S I  440C 
A I S I  440C 
S t a r  J 
S t a r  J 
Ba l l  Ma te r i a l  Average Wear Track 
Depth, i n .  
A I S I  440C 0.00003 
S t a r  J 0.00006+: 
A I S I  440C 0.00017 
S t a r  J 0.00017 
+:Based on one 20-hour t e s t .  
Comparison of  t h e  d a t a  from t h e s e  t e s t s  i n d i c a t e s  t h a t  t h e  combination 
of A I S I  440C b a l l s  and A I S I  440C p l a t e s  produced a lower wear r a t e  than 
f o r  the o t h e r  combinations t e s t e d  when l u b r i c a t e d  with Chemloy 719.  
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4 .  Hardness of C r i t i c a l  Areas 
a ,  Test  P l a t e s  
To i n v e s t i g a t e  a p o s s i b l e  change o f  hardness  due t o  cold working of 
t h e  f l a t  p l a t e  s u r f a c e s  by the a c t i o n  of t h e  b a l l s ,  t he  s u r f a c e  hardness 
of t h e  sample p l a t e s  was checked be fo re  and a f t e r  t e s t i n g .  A Rockwell 
hardness  tes ter  w a s  used f o r  both p r e t e s t  and p o s t - t e s t  checks.  To 
prevent damage t o  t h e  t es t  s u r f a c e ,  t h e  p r e t e s t  checks were made on the 
back f a c e  of t h e  p l a t e  samples. P o s t - t e s t  checks were made on t h e  t e s t  
f ace  both i n  and a d j a c e n t  to  t h e  wear path of t he  f l a t  p l a t e s .  The pos t -  
t e s t  averages were obtained from d a t a  taken a t  t h r e e  l o c a t i o n s  120 degrees 
a p a r t .  Three readings were made a t  each l o c a t i o n :  one j u s t  i n s i d e  of t h e  
wear path,  one i n  the  wear pa th ,  and one j u s t  o u t s i d e  of t he  wear pa th .  
Table V-2 p r e s e n t s  t he  average values  recorded. 
Hardness of t h e  grooved p l a t e s  was measured i n i t i a l l y  on t h e  back 
f a c e ,  A f t e r  t e s t i n g ,  t h e  hardness of t he  wear path could n o t  be measured 
on t h e  grooved p l a t e  because of i n t e r f e r e n c e  between the  p l a t e  and the  
hardness t e s t e r  c o n i c a l  p o i n t ,  Therefore ,  t h e  hardness of t h e s e  p l a t e s  
was measured on a sec t ioned  s u r f a c e  near  t h e  b a l l  path.  
The d a t a  on t a b l e  V - 2  do n o t  show a p a t t e r n  i n  t h e  change of hardness 
i n  t h e  t e s t  p l a t e s ;  t h e r e f o r e ,  no s i g n i f i c a n c e  w a s  a t t a c h e d  t o  t h i s  
a n a l y s i s  f a c t o r .  
b. Test  Ba l l s  
B a l l  hardness was n o t  measured be fo re  t e s t i n g  s i n c e  t h i s  would have 
marred t h e  b a l l  s u r f a c e .  
i s  recorded i n  t h e  t a b l e  a s  p r e t e s t  d a t a .  P o s t - t e s t  hardness was measured 
on a f l a t  s u r f a c e  of t h e  b a l l  a f t e r  i t  had been sec t ioned  r a t h e r  than on 
the s p h e r i c a l  s u r f a c e  of t h e  b a l l .  Comparison of t h e  b a l l  hardness d a t a  
was no t  deemed v a l i d  because p r e t e s t  hardness d a t a w e r e o n l y  t h a t  guaranteed 
as a minimum by t h e  manufacturer.  
The minimum hardness  a s  c e r t i f i e d  by t h e  vendor 
An o v e r a l l  a n a l y s i s  of t h e  hardness d a t a  shows t h a t  t he  s c a t t e r  of the 
i n d i v i d u a l  readings amounts t o  5 3 po in t s  of t h e  average. Therefore ,  no 
s i g n i f i c a n c e  was a t t a c h e d  t o  t h i s  a n a l y s i s  f a c t o r  a 
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5 .  Wear on Lubricant I n s e r t s  
A s  with t h e  b a l l s ,  two methods o f  measuring wear r a t e  were used i n  t h e  
t e s t s  on t h e  Chemloy 719 l u b r i c a n t  samples: d i r e c t  measurement of t he  
i n s i d e  diameter of t h e  b a l l  pocket ,  and weight of t h e  l u b r i c a n t  i n s e r t  
be fo re  and a f t e r  t e s t i n g .  The photograph ( see  f i g u r e  V-10) o f  a t y p i c a l  
i n s e r t  shows t h e  wear experienced du r ing  a 20-hour test .  Ind iv idua l  
i n s e r t  d a t a  a r e  shown i n  t a b l e s  B-10 through B-18, and i n  B-6 through 
B-8. The average d a t a  f o r  t h e  tests a re  presented i n  t a b l e  V - 1 .  A 
study of t a b l e  V - 1  r e v e a l s  t h a t  t h e  d a t a  a re  inconc lus ive  , due somewhat 
(1) t o  f a i l u r e s  when S t a r  J b a l l s  were t e s t e d  and ( 2 )  t o  a n  i n s u f f i c i e n t  
number of d a t a  samples. The average wear of t h e  i n s e r t s  was lowest w i th  
AIS1 440C b a l l s  and p l a t e s ;  t h i s  low wear was followed c l o s e l y  by t h a t  of t h e  
i n s e r t s  used with S t a r  J b a l l s  and p l a t e s .  I n  both c a s e s ,  i n d i v i d u a l  tests 
gave e r r a t i c  wear r a t e s .  Because of t h e  e r r a t i c  wear rates recorded and 
the  l i m i t e d  v a l i d  t e s t s  made us ing  S t a r  J b a l l s ,  t h i s  a n a l y s i s  f a c t o r  
did no t  show a decided advantage f o r  any m a t e r i a l  combination. 
6 .  V ib ra t ion  as a Function of Time 
P l o t s  of t e s t  appa ra tus  v i b r a t i o n ,  a s  measured by an a x i a l  a c c e l -  
erometer on t h e  loading end of the  t es t ,  a r e  presented i n  f i g u r e s  V - 1 1  
through V-14. A s  can be seen ,  t h e  v i b r a t i o n s  are  e r r a t i c  over t h e  per iod 
of t e s t .  Except where f a i l u r e  of a component i s  occur r ing  a s  i n  t e s t s  
No. 10 and 11 on f i g u r e  V - 1 2 ,  v a r i a t i o n  i n  v i b r a t i o n  i s  be l i eved  t o  be 
due t o  p a r t i c l e s  of l u b r i c a n t  t h a t  are depos i t ed  on t h e  p l a t e  and on t h e  
b a l l  t r a c k ,  and t h e  subsequent wearing and smoothing of t h e s e  l u b r i c a n t  
p a r t i c l e s  as t h e  b a l l s  r o l l  over them. 
An i n s u f f i c i e n t  number of t e s t s  were performed t o  e s t a b l i s h  t h i s  as 
an a n a l y s i s  f a c t o r .  
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C e CONCLUSIONS 
From t h e  a n a l y s i s  of  t he  s i x  parameters presented in  t h e  preceding 
paragraphs,  t h e  following conclusions were reached f o r  t he  b a l l - p l a t e  
t e s t i n g  us ing  Chemloy 719 f o r  t h e  l u b r i c a n t  i n s e r t  m a t e r i a l .  
1. Surface Condition 
On t h e  b a s i s  of t h e  s u r f a c e  appearance of t he  t e s t  i t e m s  a f t e r  t e s t ,  
S t a r  J and A I S I  440C a r e  comparable i n  performance as b a l l  and r a c e  
ma te r i a l s .  
Figure V - 1 0 .  Chemloy 719 I n s e r t  A f t e r  20-hr T e s t  FE 54532 
With A I S I  440C B a l l s  and P l a t e s  
(Tes t  No, 6 )  
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F igure  V - l l a  V i b r a t i o n  Level vs  T i m e  - A I S I  440C DF 47307 
Bal l s  and P l a t e s  
F igu re  V-12. V i b r a t i o n  Level vs T ime  - S t a r  J DF 47308 
Bal ls  and A I S I  440C P l a t e s  
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F igure  V - 1 3 .  V i b r a t i o n  Level  vs T ime  - AIS1 440C DF 47309 
B a l l s  and S t a r  J P l a t e s  
F igu re  V-14. V i b r a t i o n  Level vs Time - S t a r  J DF 47310 
Balls and P l a t e s .  
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2. Subsurface Microstructure 
Examination of the microstructure did not show any cracking due to 
fatigue in either the Star J or the A I S I  440C materials, but cracking 
due to foreign matter inclusions (figure IV-4a and b) and porosity 
(figure V-6) were experienced. 
Structural characteristics of the metals were: 
1. AISI 440C - Photomicrographs of the AISI 440C plates and balls 
show a consistent fine grain structure as illustrated by fig- 
ures V-5 and V-7aY VI-4a and VI-5a, and V-7a. A l l  of the 
specimens had the same general grain characteristics whether 
produced in large cylinders and made into sections for the 
plates, or produced as balls. 
2.  The Stellite Star J specimens taken from both flat plates and 
balls exhibited a wide variation in grain size and structure of 
the cast material. Figures V-6b and V-7b show a coarse grain 
with large needle shaped crystals interspersed throughout the 
sample. Figure V-15 reveals nonuniform grain structure within 
a ball varying from a fine grain at the center to a relatively 
coarse grain near the surface and little or no needle crystal- 
line structure except at the ball surface region. Figure V-16 
shows a fine uniform grain structure throughout the ball. The 
wide variation between specimens as well as within some specimens 
indicates that more stringent processing controls are required 
to provide a consistent uniform material structure, before the 
full potential of this material can be realized. 
3.  Degree of Wear 
Ball wear as measured by diameter reduction and weight loss was very 
small for both materials tested, and no one material was rated signifi- 
cantly better than the other regarding this factor. 
The flat plate surface wear, which was measured using the Taylor 
Hobson Surface Micrometer, was lowest for all AISI 440C material tests 
and indicates a better wear quality than that of the Star J material. 
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FAM 43246 
a. Grain Size at Center of Sectioned 
FAM 43247 (Mag: 'BOOX) 
b. Grain Size Mi way Between Center an 
Surface of Sectioned Star J Ball 
FAM 43248 (Mag: IOOX) 
c. Grain Size Near Surface of Sectioned 
Star J Ball 
Figure  V - 1 5 ,  Photomicrographs of S t a r  J B a l l  a t  FD 41130A 
Various Radia l  Locat ions Showing 
V a r i a t i o n  of Grain S ize .Black  s p o t s  are voids  
i n  t h e  material a 
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FE 102690 (Mag: IOOX) 
a. Grain Size at Center of Sectioned Ball 
FE 
FE 
(Mag: 1OOX) I02690 
b. Grain Size Midway Between Center and 
Surface of Sectioned Star J Ball 
102690 (Mag: 1OOX) 
c. Grain Size Near Surface of Sectioned 
Star J Ball 
Figure  V-16. Photomicrographs of S t a r  J B a l l  a t  FD 45124 
Various Radia l  Loca t ions  Showing 
Uniformity of Grain S i z e  
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4, Hardness of C r i t i c a l  Areas 
The hardness  change of t h e  t e s t  specimens d i d  not  show a p a t t e r n  
f o r  e i t h e r  material; t h e r e f o r e ,  no s i g n i f i c a n c e  w a s  p laced  on t h i s  f a c t o r .  
5. Wear of  Lubr icant  I n s e r t s  
The average wear of  Chemloy 719 i n s e r t s  was  lowest  w i th  AIS1 440C 
b a l l s  and p l a t e s .  
6. V ib ra t ion  a s  a Funct ion of T i m e  
Because of t h e  e r r a t i c  n a t u r e  of t h e  v i b r a t i o n  record ,  no cons lus ions  
on m a t e r i a l  q u a l i t i e s  could be  made us ing  t h i s  f a c t o r .  
D. LABORATORY REPORT 
The S t e l l i t e  S t a r  J b a l l s  t h a t  f a i l e d  i n  tests No. 10 and 11 i n  t h e  
b a l l - p l a t e  t e s t  r i g  were analyzed i n  t h e  M a t e r i a l s  Development Laboratory,  
FRDC. Resu l t s  a r e  p re sen ted  below. 
1. Tes t  No. 10 
A l l  t h r e e  of t h e  b a l l s  t h a t  had been used i n  test No, 10 f o r  13 hours 
and 44 minutes  had f r a c t u r e d ,  as shown i n  f i g u r e  V-15a. Examination 
under t h e  b inocu la r  microscope showed t h e  f r a c t u r e s  t o  have occurred along 
t h e  g r a i n  boundaries  of l a r g e  needle-shaped c r y s t a l s .  
Electron-microscopy showed evidence of o v e r s t r e s s i n g  i n  t h e  f r a c t u r e  
faces .  
Spec t rographic  examination confirmed t h e  material t o  be  S t e l l i t e  
Star J. 
Hardness of t h e  b a l l s  was found t o  be Rockwell C 62-64 (Zwick hardness  
tester, 3-kg load ) .  
The b a l l  f a i l u r e  appears  t o  have been caused by excess ive  loading 
and not  by m e t a l  f a t i g u e .  
2. Test  No. 11 
The b a l l  from t e s t  No. 11 ( f i g u r e  V-17b) e x h i b i t e d  p i t s  i n  t h e  con- 
t a c t  zone. This b a l l  was sec t ioned  and examined by microscope ( f i g u r e  
V-6). The photographs show t h e  l a r g e  needles  and t h e  p o r o s i t y  i n  t h e  
s t r u c t u r e  of t h e  Star J m a t e r i a l .  Po ros i ty  appeared on t h e  su r face  of  
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the ball after testing was completed. The porosities were apparently 
thinly covered by metal-smearing during manufacture, and wear during 
testing uncovered the pits shown in figure V-17b. 
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(MAG: 8X) 
FL 8392 Figure  ~ - 1 7 ~  V i e w  of F rac tu re  Face on S t a r  J 
B a l l  (Exh ib i t i ng  Markings t h a t  
were I d e n t i f i e d  Resu l t ing  from 
F a i l u r e  Along Boundaries of 
Large Needles) (Test  No. 10) 
(MAG: SX) 
Figure  V-17b Overa l l  V i e w  of S t a r  J Ba l l  FL 8392 
Showing S p a l l i n g  i n  Weak Tracks 
(Test  N o .  11) 
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SECTION V I  
BALL AND RACE MATERIAL TESTS AND SELECTION 
USING SALOX M LUBRICANT MATERIAL 
A.  GENERAL 
Under t h e  o r i g i n a l  c o n t r a c t ,  1 2  tes ts  of m a t e r i a l  combinations of 
S t e l l i t e  S t a r  J and AISI 440C b a l l s  and races ope ra t ing  wi th  Chemloy 719 
l u b r i c a n t  i n s e r t s  were completed. The r e s u l t s  of t h e s e  t e s t s  i n d i c a t e d  
t h a t  t he  Chemloy 7 i 9  wore more r a p i d l y  with S t a r  J b a l l s  and/or  p la tes  
than with the  AISI 440C b a l l  and p l a t e  m a t e r i a l .  Since wear i s  mainly 
a s u r f a c e  phenomena, i t  was theo r i zed  t h a t  minute s u r f a c e  a s p e r i t i e s  i n  
the  S t a r  J m a t e r i a l  caused the  higher  wear r a t e ,  and t h a t  i f  Salox M 
m a t e r i a l  were used as a l u b r i c a n t ,  t h e s e  pores might be f i l l e d  wi th  t h e  
bronze p a r t i c l e s  i n  Salox M, thereby reducing f u r t h e r  wear. This  
reasoning prompted a n  expansion of t h e  t e s t  program t o  inc lude  b a l l - p l a t e  
t e s t s  using S t a r  J b a l l s  and plates with Salox M l u b r i c a n t  i n s e r t s .  
This a d d i t i o n a l  t e s t i n g  c o n s i s t e d  of e v a l u a t i n g  the  performance of 
S t a r  J b a l l s  and p l a t e s ,  and S t a r  J b a l l s  and AISI 440C p l a t e s  w i th  
Salox M l u b r i c a n t  i n s e r t s .  Three tes ts  of each m a t e r i a l  combination 
were conducted us ing  the  h a l l - p l a t e  tes t  r i g .  A l l  of t h e  six t e s t s  com- 
p l e t ed  20 hours of endurance t e s t i n g  i n  l i q u i d  hydrogen without  experiencing 
a f a i l u r e .  The materia1.cornbination of AISI 44OC b a l l s  and p l a t e s  w i th  
Salox M l u b r i c a n t  i n s e r t s  w a s  p rev ious ly  t e s t e d  i n  t h e  l u b r i c a n t  s c reen ing  
program; t h e r e f o r e ,  i t  w a s  not  r epea ted .  
Table V I - 1  p r e s e n t s  a n  o v e r a l l  e v a l u a t i o n  of t h e  test  parameters  from 
t h e  Salox M tes ts .  
from t h e  i n d i v i d u a l  tes ts  conducted i n  t h i s  p o r t i o n  of t h e  program. 
No. 2, 4, 5, and 9,  which were conducted i n  t h e  l u b r i c a n t  screening p o r t i o n  
o f  t h e  program, w e r e  n o t  r epea ted ,  b u t  t h e  d a t a  w e r e  used i n  the o v e r a l l  
e v a l u a t i o n  i n  t h i s  phase of t e s t i n g .  Tables B-1,  B-4, B-5,  and B-9 p re -  
sent t h e  i n d i v i d u a l  d a t a  f o r  t h e s e  tests. 
Tables B-19 through €3-24 i n  Appendix B p r e s e n t  d a t a  
T e s t s  
During t h e  e a r l i e r  t e s t i n g  with Chemloy 719 l u b r i c a n t ,  t h e  performance 
of S t a r  J p l a t e s  and AISI 440C b a l l s  d i d  n o t  appear promising due t o  a 
high wear ra te  on both t h e  b a l l s  and t h e  l u b r i c a n t  i n s e r t s .  Therefore ,  
du r ing  t e s t i n g  w i t h  Salox M, t h i s  combination of b a l l ,  p l a t e ,  and 
l u b r i c a n t  w a s  e l imina ted  i n  the  i n t e r e s t  of economy. 
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B. FACTORS CONSIDERED I N  THE TEST PROGRAM AND ANALYSIS OF TEST DATA 
The parameters used t o  assess and compare t e s t  d a t a  of t h e  mater ia l  
combinations were as fol lows ( the  s a m e  as those  l i s t e d  i n  Sec t ion  V): 
1. Sur face  c o n d i t i o n  a f t e r  t e s t i n g  
2.  Subsurface m i c r o s t r u c t u r e  i n  c o n t a c t  a r e a s  
3 .  Degree o f  wear 
4 .  Hardness of c r i t i c a l  areas 
5. Wear of l u b r i c a n t  i n s e r t s  
6 .  Vibra t ion  as a func t ion  of t i m e .  
The r e s u l t s  of t h e  ana lyses  of each f a c t o r  are  d i scussed  i n  the  fol lowing 
paragraphs.  
1. Surface Condition A f t e r  Tes t ing  
Photomicrographs were made of t h e  s u r f a c e  of one b a l l  and t h e  f l a t  
p l a t e  from each t e s t .  Of these ,  one s e t  of photomicrographs was chosen 
as r e p r e s e n t a t i v e  of t h e  p a r t i c u l a r  combination of m a t e r i a l s  and these  
a r e  presented i n  f i g u r e s  V I - 1  through V I - 3 .  
Figure V I - 1  shows photomicrographs of t h e  s u r f a c e s  of a b a l l  and 
p l a t e  of AISI 440C a f t e r  20 hours of t e s t i n g  i n  l i q u i d  hydrogen wi th  a 
Salox M l u b r i c a n t .  The da rk  c o l o r  of t h e  b a l l  track on t h e  f l a t  p l a t e  
shown i s  t y p i c a l  o f  t h a t  experienced i n  t h e  b a l l - p l a t e  tes ts  conducted 
during t h e  material sc reen ing  phase and i s  caused by t h e  mechanical trans- 
f e r  of t h e  Salox M by t h e  b a l l s  t o  t h e  f l a t  p l a t e .  
The wear p a t t e r n  shown on t h e  b a l l  is  a l s o  t y p i c a l  of previous b a l l -  
p l a t e  tes ts  conducted under t h i s  program. It i n d i c a t e s  t h a t  t h e  b a l l  is 
r o l l i n g  about a s i n g l e  a x i s ,  a cond i t ion  t h a t  i s  desc r ibed  i n  Sec t ion  V 
of t h i s  r e p o r t .  No wear was ev iden t  on t h i s  b a l l ,  and t h e  s u r f a c e  
looked alrnos t new a 
Figure VI-2 p re sen t s  photomicrographs of the s u r f a c e s  of a S t a r  J 
b a l l  and t h e  AISI 440C f l a t  p l a t e  on which i t  was run f o r  20 hours 
i n  t e s t  No. 21. Again, no s u r f a c e  d i s t r e s s  was evident  and t h e  wear path 
w a s  normal. The S t a r  J b a l l  shows two d i s t i n c t  pa ths  of wear. This is 
bel ieved t o  be due t o  a r e o r i e n t a t i o n  of t h e  b a l l  a f t e r  opening t h e  r i g  
f o r  a r o u t i n e  i n s p e c t i o n  during the  t es t  program. The s u r f a c e  of the 
b a l l  shows normal wear with no d i s t r e s s  due t o  f a t i g u e .  
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F igure  VI- la .  A I S I  440C F l a t  P l a t e  Wear P a t t e r n  FD 19441 
Using Salox M Lubr icant  (Tes t  No. 2) 
(MAG: 8x1 
Figure  VI-lb.  A I S I  440C B a l l  Wear P a t t e r n  Using FD 19441 
Sa lox  M Lubr icant  (Tes t  No. 2) 
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Figure VI-2a. A I S 1  440C B a l l  Wear P a t t e r n  Using FD 19442 
Salox M Lubr icant  (Tes t  No. 2) 
Figure VI-2b, S t a r  J B a l l  Wear P a t t e r n  Using 
Salox M Lubr icant  (Test  No. 2) 
(MAG: 8X) 
FD 19442 
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Figure V I - 3  p re sen t s  photomicrographs of t h e  s u r f a c e s  of a b a l l  
and plate  made of S t a r  J t h a t  was t e s t e d  f o r  20 hours during tes t  No. 23.  
The f l a t  p l a t e  shows normal wear with no s u r f a c e  d i s t r e s s .  
b a l l  does no t  show t h e  u s u a l  d i s t i n c t  wear pa ths ,  i n d i c a t i n g  t h e  b a l l  w a s  
The S t a r  J 
spinning i n  t h i s  tes t .  
I n s p e c t i o n  of t h e  b a l l  and p l a t e  s u r f a c e  c o n d i t i o n s ,  a f t e r  equ iva len t  
tests were made wi th  Salox M and va r ious  b a l l  and p l a t e  m a t e r i a l  com- 
b i n a t i o n s ,  showed no one ou t s t and ing  m a t e r i a l  combination. On t h i s  b a s i s  
S t a r  J and AISI 440C a r e  e q u a l l y  good bea r ing  r a c e  and b a l l  m a t e r i a l s  
when l u b r i c a t e d  by Salox M .  
2. Subsurface Mic ros t ruc tu re  i n  Contact Areas 
A p o s t - t e s t  subsu r face  microscopic examination w a s  made on a l l  b a l l  
and p l a t e  t es t  samples both b e f o r e  and a f t e r  e t ch ing .  The b a l l s  and 
p l a t e s  were sec t ioned  t o  r e v e a l  t he  subsu r face  zone. The subsu r face  
zone is approximately 0.020-in. deep, and is the  a r e a  where bea r ing  
f a t i g u e  f a i l u r e s  normally o r i g i n a t e .  No evidence of subsurface d i s t r e s s  
or  cracks due t o  f a t i g u e  w a s  noted i n  any of t h e s e  samples. Typical 
photomicrographs of t h e  edges of e tched samples a r e  presented.  The 
d a r k  zone shown a t  t h e  edge of t h e  photographs i s  t h e  p l a s t i c  used t o  
mount t h e  samples. F igu re  V I - 4  shows A I S I  440C and S t a r  J b a l l  sections 
magnified by 100X. The g'rain s t r u c t u r e s  are r e p r e s e n t a t i v e  of a l l  of 
t h e  b a l l s  t e s t e d  during t h i s  program. 
Sect ions of A I S I  440C and S t e l l i t e  S t a r  J p l a t e s  a r e  shown i n  f i g -  
u r e  VI-5. The coa r se  d e n d r i t i c  s t r u c t u r e  of t h e  S t a r  J is i n  c o n t r a s t  t o  
t he  small g r a i n  s t r u c t u r e  of t he  AISI 440C ma te r i a l .  Because of t he  
r e l a t i v e l y  small number of t e s t s  and t h e  l a c k  of cons i s t ency  of t he  
S ta r  J s t r u c t u r e ,  i t  i s  n o t  p o s s i b l e  t o  make an a b s o l u t e  judgment on 
i t s  mer i t  as a bea r ing  m a t e r i a l .  
exh ib i t ed  un le s s  q u a l i t y  c o n t r o l  'can be improved, t he  m a t e r i a l  o f f e r s  
l e s s  promise than the  AISI 440C. 
Owing t o  the  s t r u c t u r a l  i ncons i s t ency  
3 .  Degree of Wear 
Evaluat ion of t h e  wear experienced by t h e  t e s t  specimens w a s  made 
us ing  the  methods descr ibed i n  Sec t ion  I V  o f  t h i s  r e p o r t  and c o n s i s t e d  of 
dimensional and weight change measurements 
V I - 6  
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Figure VI-3a. S t a r  J F l a t  P l a t e  Wear P a t t e r n  FD 19443 
Using Salox M Lubr icant  (Test  No. 24) 
(MAG: 8X) 
F igure  VI-3b. S t a r  J B a l l  Wear P a t t e r n  Using FD 19443 
Sa lox  M Lubr icant  (Test  No. 24) 
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Figure VI-4a. C h a r a c t e r i s t i c  Mic ros t ruc tu re :  FD 19470 
A I S 1  440C B a l l  Tested With Salox M 
Lubricant  
(MAG: lOOX> 
Figure VI-4b. C h a r a c t e r i s t i c  Mic ros t ruc tu re :  JD 19470 
S t a r  J B a l l  Tested With Salox M 
Lubr i can t  
VI -8 
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Figure V I - 5 a .  Characteristic Microstructure: FD 19471 
A I S 1  440C Tested With Salox M 
Lubricant 
Figure VI-5b. Characteristic Microstructure: FD 19471 
Star J Plate Tested With Salox M 
Lubricant 
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a .  Test  Balls 
(1) Ba l l  Diameter 
A s  i n d i c a t e d  i n  t a b l e s  B - 2 ,  B-3, B-4 and B-9 of Appendix B y  b a l l  
diameter w a s  only measured t o  four s i g n i f i c a n t  f i g u r e s  i n  t h e  t e s t s  of 
t h e  AISI 440C b a l l s  and p l a t e s .  I n  the  l a t e r  t e s t s  r epor t ed  i n  t a b l e s  
B-19 through €3-24, b a l l  diameter w a s  measured t o  f i v e  s i g n i f i c a n t  f i g u r e s .  
Comparison of t h e s e  d a t a  i n  t a b l e  V I - 1  i n d i c a t e s  t h a t  t h e  AISI 440C 
b a l l s  r o l l i n g  on A I S I  440C p l a t e s  give t h e  s m a l l e s t  diameter change, 
although t h e r e  i s  some u n c e r t a i n t y  i n  t h i s  because of t h e  fewer s i g n i f i c a n t  
f i g u r e s  i n  the  measurement. The other  two m a t e r i a l  combinations expe- 
r ienced more than twice as much b a l l  wear, and they  were approximately 
equal w i t h i n  t h e  accuracy of measurement. 
(2) B a l l  Weight 
A s  may be seen  i n  t a b l e  V I - I ,  t h e  average percent  weight change is 
ve ry  sma l l  for  a l l  m a t e r i a l s ,  ranging from 0.004 t o  0.03%, The least  
weight change was measured on t h e  S t a r  J b a l l s ,  and t h e  e f f e c t  of p l a t e  
m a t e r i a l  w a s  not s i g n i f i c a n t .  It is  observed t h a t  t h e  AISI 440C bal ls  
r o l l i n g  on AISI 440C p l a t e s  experienced t h e  g r e a t e s t  weight l o s s  of t h e  
b a l l  and l u b r i c a n t  m a t e r i a l s  t e s t e d ,  but  t he  least  b a l l  diameter change. 
No r easonab le  exp lana t ion  f o r  t h i s  has been found. One p o s s i b i l i t y  i s  
unequal amounts of Salox M l u b r i c a n t  adhering t o  t h e  b a l l s ,  but c l ean ing  
t h e  b a l l s  i n  n i t r i c  a c i d  (one from each t e s t )  d i d  not  change t h e  weight 
w i th in  t h e  accuracy of t h e  measurement. 
It is  concluded t h a t  on t h e  b a s i s  of b a l l  wear n e i t h e r  S t a r  J nor 
A I S I  440C ho lds  a s i g n i f i c a n t  advantage over t h e  o t h e r .  
b.  T e s t  P l a t e s  
Analysis  of p l a t e  wear w a s  conducted cons ide r ing  the  f l a t  p l a t e s  on ly ,  
s i n c e  the loading on t h e  s u r f a c e  w a s  higher  and s u r f a c e  wear w a s  more 
e a s i l y  measured than on t h e  grooved p l a t e s .  
made us ing  a Taylor Kobson Surface Micrometer, which traces the  s u r f a c e  
i r r e g u l a r i t i e s  and p r e s e n t s  t h e  magnified t r a c e  on a t ape .  These traces 
are presented i n  f i g u r e s  VI-6 and V I - 7 .  The t r a c e s  show wear t r a c k  depth 
ranging from 0.00003 t o  0.00018 i n .  below t h e  o r i g i n a l  s u r f a c e  wi th  a s m a l l  
p i l e -up  of material on t h e  edge of t h e  t r a c k  i n  some tes ts .  The average 
w e a r  t r a c k  depth below the o r i g i n a l  s u r f a c e  i s  i n  t h e  fol lowing summary. 
Surface wear measurements were 
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P l a t e  Mate r i a l  B a l l  M a t e r i a l  Average Wear Track 
Depth, Inch 
A I S I  440C 
A I S I  440C 
S t a r  J 
A I S I  440C 
S t a r  J 
S t a r  J 
0.00012 
0.00003 
0.00008 
Comparison of t h e  d a t a  from t h e s e  tests shows a lower f l a t  p l a t e  
wear r a t e  f o r  t h e  combination of A I S I  440C p l a t e s  and S t a r  J b a l l s  than 
f o r  t he  o t h e r  combinations t e s t e d  when l u b r i c a t e d  by Salox M .  
4 .  Hardness of C r i t i c a l  Areas 
a .  Test  P l a t e s  
To i n v e s t i g a t e  a p o s s i b l e  change of hardness due t o  cold working of 
t h e  f l a t  p l a t e  s u r f a c e s  by the  a c t i o n  of t h e  b a l l s ,  t h e  s u r f a c e  hardness  
of t h e  sample p l a t e s  was checked be fo re  and a f t e r  t e s t i n g  as desc r ibed  
i n  Sec t ion  I V .  
The d a t a  on t a b l e  V I - 2  i n d i c a t e  a n  average hardness  i n c r e a s e  of about 
4 po in t s  Rockwell C i n  t h e  b a l l  pa ths  of both t h e  A I S I  440C and t h e  S t a r  J 
f l a t  p l a t e s .  The apparent  dec rease  i n  hardness  shown i n  t a b l e  V I - 2  f o r  
some of t h e  grooved p l a t e s  is  not  considered s i g n i f i c a n t  because t h e  pos t -  
t e s t  hardness  was not  measured on t h e  wear pa th  where work hardening would 
be expected. 
b. T e s t  Balls 
The d a t a  i n d i c a t e  an average i n c r e a s e  i n  b a l l  hardness  of 1 t o  2 
po in t s  on t h e  Rockwell C s c a l e  with no apparent  advantage f o r  e i t h e r  
m a t e r i a l  . 
5. Wear on Lubricant I n s e r t s  
A s  wi th  the  b a l l s ,  two methods of measuring wear r a t e  were used i n  
the tes ts  on the  Salox M l u b r i c a n t  samples: d i r e c t  measurement o f  t h e  I D  
of t h e  b a l l  pocket,  and weight of t h e  l u b r i c a n t  i n s e r t  be fo re  and a f t e r  
t e s t i n g .  The photograph i n  f i g u r e  VI-8 of a t y p i c a l  i n s e r t  shows the  wear 
experienced during a 20-hour tes t .  I n d i v i d u a l  i n s e r t  d a t a  are shown i n  
t a b l e s  B-19 through B-24, and B-2, B-4, B-5, and B-9 of Appendix B and 
average d a t a  f o r  t h e  tes ts  a r e  presented i n  t a b l e  V I - 1 .  
d a t a  shows a lower ra te  of wear f o r  t h e  i n s e r t s  when t e s t e d  w i t h  S ta r  J 
b a l l s  and A I S I  440C p l a t e s .  
Analysis o f  t h e s e  
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Figure  V I - 8 .  Sa lox  M Inser t  A f t e r  20-hr T e s t  With FE 66323 
A I S I  440C P l a t e s  and S t a r  J B a l l s  
(Tes t  No. 21) 
6, V ib ra t ion  as a Funct ion  of Time 
P l o t s  o f  t e s t  r i g  a x i a l  v i b r a t i o n ,  a s  measured by an a x i a l  acce le ro -  
meter on t h e  loading  end of t h e  t e s t e r ,  a r e  presented  i n  f igu res  V I - 9  
through VI-11, A s  can be seen  t h e  d a t a  a r e  e r r a t i c  and t h e  v i b r a t i o n  l e v e l  
both inc reases  and decreases  wi th  t i m e  over t h e  per iod  of  t e s t .  Except 
where f a i l u r e  of a component is  occur r ing ,  as i n  t e s t  No. 4 on f i g u r e  
VI-9, t h e  level  of  v i b r a t i o n  i s  be l i eved  t o  be due t o  p a r t i c l e s  of l u b r i -  
c a n t  being depos i ted  on t h e  p l a t e  on t h e  b a l l  t r a c k  and t h e  subsequent  
wearing and smoothing of  t h e s e  l u b r i c a n t  p a r t i c l e s  a s  t h e  b a l l s  r o l l  over 
them, I n  gene ra l ,  t h e  v i b r a t i o n  l e v e l  of t h e  S t a r  J b a l l s  on A I S I  440C 
p l a t e s  (see f i g u r e  VI-10) i s  lower than  t h e  o t h e r  two m a t e r i a l  combinations 
t e s t e d .  
C . CONCLUSIONS 
From t h e  a n a l y s i s  of  t he  s i x  parameters j u s t  p re sen ted ,  t he  fo l lowing  
conclusions were reached f o r  t h e  b a l l - p l a t e  t e s t i n g  us ing  Sa lox  M f o r  t h e  
l u b r i c a n t  i n s e r t  m a t e r i a l .  
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Figure V I - 9 .  V ib ra t ion  Level vs  T ime ,  A I S I  440C DF 53898 
B a l l s  and P l a t e s  
F igure  VI-10. V ib ra t ion  Level vs T i m e ,  S t a r  J DF 53899 
B a l l s  and A I S I  440C P l a t e s  
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Figure V I - 1 1 .  V ib ra t ion  Level vs T i m e ,  S t a r  J DF 53900 
Balls and P l a t e s  
1. Surface  Condit ion 
On the  bas i s  of  t h e  gene ra l  appearance o f  t h e  s u r f a c e  of t h e  t e s t  items 
a f t e r  t e s t ,  S t a r  J and A I S 1  440C are  r a t e d  e q u a l l y  good as b a l l  and r a c e  
m a t e r i a l s .  
2 .  Subsurface Mic ros t ruc tu re  
Examination of t h e  subsu r face  m i c r o s t r u c t u r e  of t h e  S t a r  J and A I S 1  
440C b a l l s  and p l a t e s  d i d  no t  r e v e a l  any f a t i g u e  c racks .  However, t h e r e  
i s  a s i g n i f i c a n t  d i f f e r e n c e  i n  g r a i n  s i z e ,  wi th  t h e  S t a r  J b a l l s  having 
a r a t h e r  coarse  s t r u c t u r e  as  compared t o  t h e  f i n e r - g r a i n  A I S 1  440C b a l l s .  
The S t a r  J s t r u c t u r e  i s  a l s o  e r r a t i c ,  as shown by f i g u r e s  V - 6  and V - 1 5 .  
3 .  Degree of Wear 
B a l l  wear as measured by diameter  r educ t ion  and weight  loss was ve ry  
smal l  f o r  a l l  materials t e s t e d ,  and no one material i s  r a t e d  s i g n i f i c a n t l y  
b e t t e r  than  t h e  o t h e r  as measured by t h i s  f a c t o r .  
V I - 1 7  
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4 .  Hardness of C r i t i c a l  Areas 
A change of hardness of approximately an equal  amount w a s  experienced 
i n  both AISI 440C and S t a r  J b a l l s  and p l a t e s .  There is no appa ren t  
advantage i n  the  u s e  of e i t h e r  m a t e r i a l  based on t h i s  c r i t e r i o n .  
5.  Wear of Lubricant I n s e r t s  
The lowest  wear of t h e  l u b r i c a n t  i n s e r t s  w a s  experienced with S t a r  J 
b a l l s  run  on A I S I  440C p l a t e s .  
6 .  V ib ra t ion  as  a Function o f  Time 
The average v i b r a t i o n  l e v e l  w a s  lowest during t h e  t e s t i n g  of A I S I  
440C p l a t e s  and S t a r  J b a l l s .  
A s  a r e s u l t  o f  t h e  a n a l y s i s  presented i n  t h i s  s e c t i o n  i t  has been 
recommended t h a t  t h e  s i x  a d d i t i o n a l  bear ings t o  be procured and t e s t e d  
be f a b r i c a t e d  with A I S I  440C r a c e s ,  S t e l l i t e  S t a r  J b a l l s ,  and a Salox M 
cage l u b r i c a n t  e 
The t e s t i n g  of t h e s e  bear ings w i l l  be r e p o r t e d  i n  P a r t  I1 of t h e  
f i n a l  r e p o r t .  
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SECTION V I 1  
DISCUSSION OF THE BALL-PLATE APPARATUS TEST RESULTS 
A. COMPARISON OF SALOX M AND CHEMLOY 719 AS A LUBRICANT MATERIAL 
A wide v a r i e t y  of parameters were considered i n  the  e v a l u a t i o n  of 
t hese  materials f o r  use i n  bear ings.  These parameters included:  
1. B a l l  wear (dimensional)  
2.  Percentage of weight loss  of b a l l s  
3 .  Dimensional wear of l u b r i c a n t  i n s e r t s  
4. Weight of l o s s  of i n s e r t s  
5. B a l l  t r a c k  depth i n  f l a t  p l a t e .  
Each of t hese  i tems w i l l  be discussed s e p a r a t e l y  i n  subsequent paragraphs. 
Table V I I - 1  was prepared t o  a i d  i n  c o r r e l a t i o n  of t h e  performance 
of t h e  m a t e r i a l s  f o r  each of t hese  parameters;  f i g u r e s  V I I - 1  and VII-2 
f u r t h e r  c l a r i f y  the  d a t a .  Use o f  t hese  i l l u s t r a t i o n s  provides a means 
of d i r e c t l y  comparing t h e  two l u b r i c a n t  m a t e r i a l s  under the  cond i t ions  
t e s t e d .  I n  the  p repa ra t ion  of t a b l e  V I I - 1 ,  t he  weight l o s s  of t h e  t es t  
b a l l s  i n  grams was omitted i n  f avor  of t he  more meaningful percentage 
weight l o s s  f a c t o r .  
When c o n s i d e r a t i o n  i s  given t o  the  r e l a t i v e l y  s h o r t  bea r ing  l i f e  
requirements being considered i t  i s  appa ren t  t h a t  only s u f f i c i e n t  l u b r i -  
c a n t  need be included to’ support  t h a t  l i m i t e d  bear ing ope ra t ing  l i f e .  
This f a c t  makes t h e  major f a c t o r  i n  l u b r i c a n t  performance the  wear on 
t h e  b a l l s  and r a c e s .  
1. Comparison of Lubricant Performance Parameters 
a .  B a l l  Wear (Dimensional) 
With A I S I  440C b a l l s  and p l a t e s  no advantage w a s  i n d i c a t e d  f o r  
e i t h e r  Salox M o r  Chemloy 719 .  
When A I S I  440C p l a t e s  and S t a r  J b a l l s  were t e s t e d ,  t h e  b a l l  wear 
appears l e a s t  when l u b r i c a t e d  by Chemloy 719 ,  but when t h e  apparent  wear 
r a t e  is  e x t r a p o l a t e d  l i n e a r l y  t o  20  hours from t h e  a c t u a l  11 hours of 
t e s t i n g ,  t h e  wear is  approximately equal  t o  t h a t  of Salox M. Thus, no 
real  p re fe rence  can b e  s t a t e d .  
B a l l  wear w i th  Salox M l u b r i c a t e d  S t a r  J b a l l s  and p l a t e s  w a s  only 
h a l f  t h a t  with Chemloy l u b r i c a n t .  
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No c l e a r - c u t  p a t t e r n  of  l u b r i c a n t  s u p e r i o r i t y  appears  from t h i s  
comparison, both e x h i b i t i n g  approximately equal  performance. 
b .  Percentage Weight Loss of Ba l l s  
Cons idera t ion  of t h i s  parameter shows a s u p e r i o r i t y  of t h e  Salox M 
f o r  a l l  combinations of  b a l l s  and p l a t e s  t e s t e d  i n  t h i s  program. 
c .  Dimensional Wear of Lubr icant  I n s e r t s  
A s  r evea led  by t h e  i n i t i a l  t e s t i n g  i n  t h e  program, t h e  Chemloy 719 
appears  t o  o f f e r  a s l i g h t l y  lower wear r a t e  than  Salox M when t e s t e d  w i t h  
AISI 440C b a l l s  and p l a t e s .  
Subsequent t e s t i n g  wi th  S t a r  J b a l l s  and A I S I  440C p l a t e s  and S t a r  J 
b a l l s  and p l a t e s  show two tests i n  which the  Chemloy 719 f a i l e d  by wear-out .  
N o  exp lana t ion  has  been found f o r  t h e  high wear experienced i n  two of  t h e  
n ine  t es t s .  The more c o n s i s t e n t  performance o f  t he  Salox M makes it appear  
t o  be more t o l e r a n t  t o  p o s s i b l e  v a r i a t i o n s  i n  ope ra t ing  cond i t ions ;  t h e r e -  
f o r e ,  Sa lox  M is  considered t h e  more r e l i a b l e  l u b r i c a n t  when t e s t e d  w i t h  
b a l l s  or  p l a t e s  made from S t a r  J .  
d. Weight Loss  of Lubr icant  I n s e r t s  
When t h e  weight loss  of t h e  l u b r i c a n t  i n s e r t s  is cons idered ,  t h e  
Chemloy 719 m a t e r i a l  shows a sma l l e r  loss  except  when t e s t e d  w i t h  S t a r  J 
b a l l s  and AISI 440C p l a t e s .  (Chemloy 719 i s  25% less dense than  Sa lox  M.)  
A s  discussed  under Dimensional Wear above, t h e  Salox M shows a more con- 
s i s t e n t  performance, and the  f a c t  t h a t  t h e  wear w i t h  Salox M is  s l i g h t l y  
h igher  on ly  i n d i c a t e s  t h e  p o s s i b i l i t y  of more t r a n s f e r  of l u b r i c a n t s  t o  
the  bea r ing  elements .  
Due t o  t h e  more c o n s i s t e n t  performance of the  Salox M, i t  i s  r a t e d  
s l i g h t l y  b e t t e r  based on l u b r i c a n t  weight  l o s s .  
e .  B a l l  Track Depth i n  F l a t  P l a t e  
The f l a t  p l a t e  wear, a s  measured by t h e  s u r f a c e  micrometer,  u s ing  t h e  
Chemloy 719 l u b r i c a n t  was lowest i n  only one s e t  of  t e s t s ,  t h a t  of  A I S I  440C 
b a l l s  and p l a t e s .  
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The depth of t h e  wear path f o r  a l l  o t h e r  combinations of b a l l  and p l a t e  
m a t e r i a l s  i nd ica t e s  t h a t  t h e  Salox M l u b r i c a n t  produced about one-half t he  
wear t h a t  w a s  measured wi th  comparable t e s t s  with Chernloy 7 1 9 .  This 
i n d i c a t e s  a s u p e r i o r i t y  f o r  Salox M when used with combinations of S t a r  J. 
f . Conc l u s  ion 
The gene ra l  conclusion t h a t  can be drawn from t h e  above is t h a t  both 
l u b r i c a n t s  a r e  adequate;  however, when A I S I  440C is used f o r  t he  b a l l s  
and p l a t e s ,  t h e  Chemloy 719  appears t o  be s l i g h t l y  more e f f e c t i v e  than 
Salox M. When S t a r  J b a l l s  a r e  used with e i t h e r  A I S I  440C o r  S t a r  J 
p l a t e s ,  t h e  Salox M appears t o  be t h e  b e t t e r  l u b r i c a n t .  
B. COMPARISON OF THE STELLITE STAR J AND A I S I  440C AS BALL AND RACE 
MATERIALS 
1. Averages of  Wear Data 
Ari thmetic  averages were computed f o r  t h e  wear on S t a r  J and A I S I  440C 
b a l l s  and p l a t e s ,  w i thou t  regard t o  t h e  l u b r i c a n t  used. These a r i t h m e t i c  
averages a r e  presented i n  t a b l e  V I I - 2  and a g a i n  show t h a t  S t a r  J appears 
t o  be poor f o r  wear r e s i s t a n c e  a s  r a c e s ,  but  is  s u p e r i o r  t o  AISI 440C f o r  
b a l l s .  
2 .  Conclus ions 
The conclusions reached on t h e  b a s i s  o f  t hese  d a t a  a r e  as fo l lows :  
1. AIS1 440C is t h e  p r e f e r r e d  m a t e r i a l  f o r  u s e  i n  bear ing r a c e s .  
2 .  The S t a r  J and A I S I  440C m a t e r i a l s  both have m e r i t  f o r  u s e  a s  
a bear ing b a l l  m a t e r i a l  and a d e c i s i o n  a s  t o  which is b e s t  
appears t o  be dependent upon t h e  bea r ing  cage l u b r i c a n t  
t o  be used. 
The 110-mm bearings made from t h e s e  p r e f e r r e d  m a t e r i a l  combinations 
a r e  t o  be t e s t e d  t o  confirm t h e i r  u s e f u l n e s s .  These t es t s  w i l l  be 
reported i n  P a r t  I1 of t h i s  f i n a l  r e p o r t .  
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Table VI1-2. Overa l l  Averages of Wear Data 
Mate r i a l  Combination Average Wear from Both t h e  Chemloy 719 and Salox M Tests 
B a l l  Wear, i n .  P l a t e  Wear. i n .  
A I S I  440C Bal ls  
A I S I  440C P l a t e s  
S t a r  J Balls 
AISI 440C P l a t e s  
S t a r  J B a l l s  
S t a r  J P l a t e s  
0.00010 0.00008 
0.00021 0.00005 
O.OOO4 1 0.00013 
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APPENDIX A 
BALL-PLATE TEST SPECIMEN DESIGN 
The requirements se t  f o r t h  i n  t h e  c o n t r a c t  s p e c i f y  t h a t  t h e  b a l l -  
p l a t e  t e s t i n g  must s i m u l a t e  as c l o s e l y  as p o s s i b l e  t h e  cond i t ions  t h a t  
would e x i s t  i n  a 110-mm b a l l  bea r ing  op-erating i n  l i q u i d  hydrogen a t  
DN values  t o  2.5 x 10 wi th  20,000 pounds of a x i a l  load.  6 
To determine t h e  ope ra t ing  va lues  o f  Hertzian stress,  s p i n / r o l l  
r a t i o  and b a l l  v e l o c i t i e s ,  P r a t t  & Whitney A i r c r a f t  u t i l i z e d  a mathe- 
m a t i c a l  model t h a t  p r e d i c t s  t he  b a l l  bea r ing  i n t e r n a l  dynamics f o r  a 
broad combination of speeds and t h r u s t  l oads ,  This method is  based on 
both t h e o r e t i c a l  and experimental  s t u d i e s  conducted wi th  c ryogen ica l ly  
cooled b a l l  bear ings.  The 110-mm bearing design parameters de r ived  from 
t h i s  program are shown i n  t a b l e  A - 1  and were used as t h e  b a s i s  of t he  
b a l l - p l a t e  t es t  specimen design.  
Since t h e  s p e c i f i e d  Her t z i an  stress l e v e l ,  amount of s p i n  i n  t h e  
b a l l - r a c e  con tac t  zone , and t h e  cage - to -ba l l  rubbing v e l o c i t y  must be 
s imulated as c l o s e l y  as p o s s i b l e  i n  t h e  b a l l - p l a t e  tes t  a p p a r a t u s ,  a 
s tudy  w a s  made t o  determine t h e  e f f e c t  of va ry ing  t h e  b a l l  s i z e  on t h e  
accuracy of s imula t ion .  This w a s  done because of t h e  d i s p a r i t y  i n  s i z e  
of t h e  0.375-diameter b a l l s  normally used i n  t h e  b a l l - p l a t e  t e s t  appa ra tus  
compared t o  t h e  0.719-diameter b a l l s  used i n  t h e  110-mm bearings t o  be 
t e s t e d .  The s tudy  included cons ide ra t ions  of b a l l  s i z e ,  m a t e r i a l  proper- 
t i es ,  s p i n - r o l l  r a t i o ,  Hertz  stress , and cage - to -ba l l  rubbing v e l o c i t y .  
F igu re  A - 1  shows a comparison o f  b a l l  s i z e  and s p i n  power gene ra t ion .  
The s p i n  power gene ra t ion  of t h e  b a l l - p l a t e  appa ra tus  is an  o rde r  of 
magnitude lower than  t h a t  computed f o r  t h e  110-mm bearing.  Because of t h e  
geometry of t h e  b a l l - p l a t e  r i g ,  t he  s imula t ion  of s p i n  power cannot be 
improved by any reasonable  i n c r e a s e  i n  b a l l  s i z e .  
F igu re  A-2 shows t h a t  t he  depth t o  t h e  maximum s h e a r  stress inc reases  
with b a l l  s i z e .  For a t r u e  s i m u l a t i o n  of t h i s  parameter i n  t h e  b a l l -  
p l a t e  apparatus  a n  unreasonably l a r g e  s i z e  b a l l  would be r equ i r ed ;  
t h e r e f o r e ,  t h i s  parameter was n o t  s imulated w e l l  by t h e  b a l l - p l a t e  r i g .  
F igu re  A-2 a l s o  shows t h a t  a g r e a t  i n c r e a s e  i n  b a l l  s i z e  would 
i n c r e a s e  t h e  t o t a l  t h r u s t  r e q u i r e d ,  t h i s  would overload t h e  r i g  b a l l  
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bear ings and r e s u l t  i n  s h o r t  l i f e  and u n r e l i a b l e  ope ra t ion .  Therefore ,  
no change i n  b a l l  s i z e  w a s  made f o r  t h e  b a l l - p l a t e  tests.  
The cage rubbing v e l o c i t y  is  a func t ion  of r i g  r a d i u s  and r o t a t i o n a l  
speed only.  The rubbing v e l o c i t y  expected i n  t h e  a c t u a l  110-mm bearing 
i s  w e l l  w i t h i n  the  c a p a b i l i t y  of t he  b a l l - p l a t e  r i g .  
The o t h e r  important parameters t h a t  were considered i n  t h e  des ign  
of t h e  b a l l - p l a t e  specimens were a l l  he ld  cons t an t  a t  t h e  l e v e l s  expected 
i n  the  110-mm b a l l  bea r ing  and can be s imulated wi th  no d i f f i c u l t y  i n  t h e  
b a l l - p l a t e  r i g .  
The r e s u l t a n t  des ign  pa r t i cu la r s  a r e  shown i n  t a b l e  A - 2 ,  and are 
i l l u s t r a t e d  i n  f i g u r e  A - 3 .  
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Table A-1. 110-mm Bearing Test  Conditions 
DN Value 
Her tz ian  S t r e s s  
Spin /Rol l  Veloc i ty  Ra t io  0.258 
Cage-to-Ball Rubbing Veloc i ty  274 f t / s e c  
+:The Her tz ian  s t r e s s  va lue  shown is based 
2.5 x 106 mm-rpm 
3 15,000 ps i" 
on the  use  of  A I S 1  440C b a l l  and r ace  
m a t e r i a l  a t  cryogenic  temperatures .  
I I I 1 I 
NB = Ball Rotation 
-= 44oc 
44OC = 313,000 psi 
Nrig = 7617 rpm 
V+n = 155 fpm - 2.58 fps 
Vc = 16,150 fpm - 269 fps 
0.1 0.2 0.3 0.4 0.5 0.6 0.7 
BALL SIZE - in. 
Figure A-1 .  Ba l l -P la t e  T e s t  Rig B a l l  S i zes  vs FD 20718 
Spin  Power and Ba l l  Speed 
2000 0.010 2 
1- 2 Notes: ' 
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Figure A - 2 ,  B a l l - P l a t e  Test Rig B a l l  S i zes  vs FD 20719 
Thrus t ,  Depth t o  t h e  Maximum Hertz 
S t r e s s  and Rig Bearing L i f e  
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Table A-2. Design P a r t i c u l a r s  f o r  B a l l - P l a t e  Apparatus Components 
B a l l  Diameter 
Groove Angle 
d COS cy 
Rig Speed 
Load/ba l l  (N)  
Loadjba l l  (P) 
T o t a l  Load 
Equivalent  
0.375 i n .  
150.74 deg. 
0.363 i n .  
7616 rpm 
60 l b .  
116 l b .  
348 l b .  
315,000 p s i *  
Groove Radius 4.00 i n .  
P 
Contact Radius 
Groove &dim 
Outer Contact Radius 
P = 2N c o s a  
P = 2N cos 14.63 deg 
P = 2N (0.9675) 
Figure  A - 3 .  Sec t ion  Through B a l l  and P l a t e  FD 41109 
Geome t r y  
For pure  r o l l i n g  wi thout  s l i ppage  t o  occur  about t h e  a x i s  t h a t  i s  
p a r a l l e l  t o  t h e  p l ane  of t h e  p l a t e  of a coord ina te  system whose o r i g i n  
i s  l o c a t e d  a t  t h e  b a l l  c e n t e r  and always has one a x i s  a l igned  w i t h  t h e  
l i n e - o f - c e n t e r s  of t h e  b a l l  and t h e  p l a t e  a x i s  of r o t a t i o n ,  t h e  l i n e a r  
v e l o c i t y  of  t h e  b a l l  and of t h e  p l a t e  a t  t h e  c o n t a c t  po in t  must be 
i d e n t i c a l  a t  a l l  t h r e e  c o n t a c t  p o i n t s .  Likewise,  t h e  angular  v e l o c i t y  
of a l l  p o i n t s  on t h e  b a l l  i s  cons t an t  a t  any p o i n t  i n  t i m e .  Solving 
f o r  t h e  angular  v e l o c i t y  of t h e  b a l l  about t h e  axis of r o t a t i o n  t h a t  i s  
*Based on AIS1 440C Modulus of E l a s t i c i t y  a t  L iquid  Hydrogen Temperatures 
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defined above as a function of the ball linear velocity at each contact 
point : 
63 - Angular Velocity About Axis of Rotation 
V 
R - Radius to Contact Point 
- Velocity of Ball/Plate Surface at Specified Contact Point 
d - Ball Diameter 
( ) B  - Ball 
( )p - Plate 
( )I - Inner Contact 
( )o - Outer Contact 
( ) G  - Flat Plate Contact 
oB as Function of VB at RI 
up = 7616 x 2 ~ / 6 0  = 797.5 rad/sec 
RI = %-d/2 sina = 3.953 in 
Vp = RI xup = 3153 in/sec 
OB = Vp/(d/2) COS a = 17374 rad/sec 
aB as a Function of VB at % 
Vp = 
OB = vp/R~ = 
x u p  = 3190 in/sec 
17014 rad/sec 
uB as a Function of VB at RO 
= + d/2 sina = 4.047 in 
Vp = RgOp = 3227 in/sec 
WB = Vp/(d/2) COS a 17787 rad/sec 
Since the assumption of pure rolling with no slippage results in three 
separate angular velocities for the bal1,which is not possible, and the 
wear marks discussed in Section V indicate pure rolling did occur; it must 
be concluded that slippage occurred at at least two Of the contact Points. 
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APPENDIX B 
TEST DATA 
The fol lowing t a b l e s  p re sen t  more d e t a i l e d  d a t a  on t h e  cond i t ions  
and t h e  wear d a t a  f o r  each i n d i v i d u a l  t es t  made under t h e  material  
s c reen ing  p o r t i o n  of t h e  c o n t r a c t .  
Tes t ing  i n  the  b a l l  p l a t e  t es te r  w a s  conducted i n  cont inuous pe r iods  
f o r  as long as w e r e  p r a c t i c a l .  Shutdowns were made as r equ i r ed  t o  
r e p l e n i s h  hydrogen dewars,  and change s h i f t  workers.  The t o t a l  number 
of t i m e s  t h e  r i g  w a s  sub jec t ed  t o  a s t a r t u p  c y c l e  i s  ind ica t ed  on each 
d a t a  s h e e t .  Data on b a l l  s i z e ,  l u b r i c a n t  pocket  s i z e ,  e t c . ,  were recorded 
be fo re  and a f t e r  t e s t i n g .  When t h e  wear progressed e n t i r e l y  through 
the i n s e r t ,  o r  when a b a l l  f a i l e d ,  no s i z e  d a t a  w e r e  recorded as t h e  
dimensions would be meaningless .  
Hardness d a t a  were recordedand a r e p r e s e n t e d  i n  t a b l e s  V - 1  and V I - 1 .  
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Table B-1 .  Resu l t s  of  Tes t  No. 1 
AISI 440C Balls and Plates 
Test No. 1 Date - 10 /14 /65  
I n s e r t  Ma te r i a l  - Armalon Test  Duration - 18 hours 43  min 
F l a t  P l a t e  F i n i s h  - 2 t o  4 r m s  Grooved P l a t e  F i n i s h  - 4 t o  8 r m s  
Load per  Bal l  - 116 l b  P l a t e  Speed - 7616 rpm 
LH2 Flow - 4 t o  6 gpm Groove Diameter - 8.060 i n .  
P o s t  T e s t  P r e t e s t  
Sample No. 1 2 3 1 2 3 
I n s e r t  worn 
through 
I n s e r t  Pocket Diameter, i n .  0.3920 0.3905 0.3920 
B a l l  Diameter, in .  0.3750 0.3750 0.3750 
I n s e r t  Weight, grams 2.852 2.891 2.894 
B a l l  Weight, grams 3.453 3.453 3 .451  
Test  Resume 
Rig w a s  a c c e l e r a t e d  t h r e e  times+c - 18 hours ,  43  minutes were completed 
be fo re  r i g  v i b r a t i o n s  abor t ed  t h e  t e s t .  P o s t - t e s t  i n spec t ion  o f  t he  lub- 
r i c a n t  i n s e r t s  showed t h e  b a l l s  t o  have worn through the i n s e r t s  i n t o  t h e  
aluminum r e t a i n i n g  p l a t e .  
+:Rig was shu t  down and r e s t a r t e d  f o r  normal crew r e l i e f  and s h i f t  
changes during a l l  t e s t s .  
Table B - 2 .  Resu l t s  of Tes t  No. 2 
AISI 440C Balls and P l a t e s  
Test  No. 2 Date - 1 0 / 1 9 / 6 5  
I n s e r t  Ma te r i a l  - Salox M 
F l a t  P l a t e  F i n i s h  - 2 t o  4 r m s  Grooved P l a t e  F i n i s h  - 4 t o  8 r m s  
Load per B a l l  - 116 l b  
LH2 Flow - 4 t o  6 gpm 
Test  Duration - 20 hours 
P l a t e  Speed - 8100 rpm 
Groove Diameter - 7 .520  i n .  
P r e t e s t  Pos t T e s t  
Sample No. 1 2 3 1 2 3 
I n s e r t  Pocket Diameter, i n .  0.395 0.396 0.395 0.463 0.461 0.455 
Ball  Diameter, i n .  0.3750 0.3750 0.3750 0.3750 0.3750 0.3750 
I n s e r t  Weight, grams 4.060 4.066 4 .071  3.969 3.975 3.970 
B a l l  Weight, grams 3.453 3.453 3.453 3.452 3.452 3.450 
T e s t  Resume 
Rig w a s  a c c e l e r a t e d  f i v e  t i m e s  - 20 hours were completed w i t h  no 
i n c r e a s e  i n  r i g  v i b r a t i o n s .  Sample  wear w a s  moderate. 
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Table B-3.  Resul ts  of T e s t  N o .  3 
.- - A I S I  440C Balls and Plates 
Test  No. 3 
I n s e r t  Ma te r i a l  - Armalon 
F l a t  P l a t e  F i n i s h  - 2 t o  4 rms 
Load per  B a l l  - 116 l b  
LH2 Flow - 4 t o  6 gpm 
Sample N o .  
I n s e r t  Pocket Diameter , i n .  
B a l l  Diameter, i n .  
I n s e r t  Weight, grams 
B a l l  Weight, grams 
Date - 1 0 / 2 0 / 6 5  
T e s t  Durat ion - 12 hours 25 min 
Grooved P l a t e  F i n i s h  - 4 t o  8 r m s  
P l a t e  Speed - 7616 rpm 
Groove Diameter - 8.060 i n .  
P r e  tes t Post  T e s t  
1 2 3 1 2 
I n s e r t  Worn 
Through 
0.3900 0.3920 0.3900 
0.3750 0.3750 0.3750 
2.894 2.921 2.917 
3.453 3.453 3.453 
Test  Resume 
Rig w a s  a c c e l e r a t e d  t h r e e  t i m e s  - 1 2  hour s ,  25 minutes were completed 
when a l i q u i d  hydrogen s h o r t a g e  terminated t h e  t e s t .  I n s p e c t i o n  a t  t h a t  
po in t  showed one i n s e r t  t o  be worn through and t h e  o t h e r  two n e a r l y  worn 
3 
Table B-4. Resul ts  of Test  N o .  4 
A I S I  440C Balls and Plates .”. 
Test  N o .  4 
I n s e r t  M a t e r i a l  - Salox M 
F l a t  P l a t e  F i n i s h  - 2 t o  4 r m s  
Load per Ba l l  - 116 l b  
LH2 Flow - 4 t o  6 gpm 
Sample N o .  
I n s e r t  Pocket Diameter, i n ,  
Ba l l  D i a m e t e r ,  i n .  
I n s e r t  Weight, grams 
B a l l  Weight, grams 
Date - 1 0 / 2 2 / 6 5  
Test  Durat ion - 4 hours 49 min 
Grooved P l a t e  F i n i s h  - 4 t o  8 r m s  
P l a t e  Speed - 8100 rpm 
Gtoove Diameter - 7 .520  i n .  
Pretest  Pos t T e s t  
1 2 3 1 2 3 
0.395 0.395 0.395 I I { Ball f a i l e d  0.3750 0.3750 0.3751 
4.059 4 .121  4.056 
3.453 3 .451  3.453 I J 
T e s t  Resume 
Rig w a s  a c c e l e r a t e d  one t i m e  - 4 hours ,  49 minutes completed when the  
r i g  v i b r a t i o n s  r o s e  ab rup t ly .  
f a i l u r e .  
wear was evident  on i n s e r t s .  
In spec t ion  of t e s t  p a r t s  showed a b a l l  
The b a l l  f a i l u r e  was a t t r i b u t e d  t o  an  oxide i n c l u s i o n .  Neg l ig ib l e  
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Table B-5. Resul ts  of Test  N o .  5 
AISI 440C B a l l s  and Plates 
~~ ~ 
Test No. 5 Date - 10/25/65 
I n s e r t  Mater ia l  - Salox M Test Duration - 10 hours 27 min 
F l a t  P l a t e  F in i sh  - 2 t o  4 r m s  Grooved P l a t e  Finish - 4 t o  8 r m s  
Load per B a l l  - 116 l b  P l a t e  Speed - 7616 rpm 
LH2 Flow - 4 t o  6 gpm Groove Diameter - 8.060 i n .  
Pretest  Pos t  T e s t  
Sample No. 1 2 3 1 2 3 
Destroyed due t o  
r i g  f a i l u r e  
I n s e r t  Pocket Diameter, i n .  0.396 0.395 0.395 
Bal l  Diameter, in .  0.3750 0.3750 0.3750 
I n s e r t  Weight, grams 4.050 4.065 4.119 
Ba l l  Weight, grams 3.453 3.452 3.453 
Test Resume 
Rig w a s  acce l e ra t ed  four times - 10 hours,  27 minutes were completed 
when r i g  carbon face s e a l s  f a i l e d .  A t  t h a t  po in t  t he  i n s e r t s  showed only 
s l i g h t  wear. The r i g  w a s  r e b u i l t  f o r  continued t e s t i n g  b u t  a subsequent 
r i g  f a i l u r e  destroyed the t es t  specimens. 
Table B-6 .  Resul ts  of  T e s t  No. 6 
AISI 440C Balls and P l a t e s  -. I 
Test No. 6 Date - 11/16/65 
I n s e r t  Mater ia l  - Chemloy 719 T e s t  Duration - 1 7  hours 
F l a t  P l a t e  F i n i s h  - 2 t o  4 r m s  Grooved P l a t e  F in i sh  - 4 t o  6 r m s  
Load p e r  B a l l  - 116 l b  P l a t e  Speed - 8100 rpm 
LH2 Flow - 4 t o  6 gpm Groove Diameter - 7.520 i n .  
Pretest  Post  T e s t  
Sample No. 1 2 3 1 2 3 
I n s e r t  Pocket Diameter, i n .  0.386 0.386 0.387 0.445 0.444 0.443 
Ba l l  D i a m e t e r ,  i n .  0.37526 0.37527 0.37527 0.3752 0.3752 0.3752 
I n s e r t  Weight , grams 3.041 3.052 3.038 3.005 2.998 3.005 
Ba l l  Weight, grams 3.468 3.468 3.468 3.468 3.465 3.467 
T e s t  Resume 
Rig was acce le ra t ed  t h r e e  times - 1 7  hours were completed when a 
s l i g h t  r i s e  i n  r i g  vLbrations terminated the t e s t .  Inspect ion of t e s t  
b a l l s  and p l a t e s  showed them t o  be i n  e x c e l l e n t  condi t ion.  T e s t  shutdown 
w a s  a t t r i b u t e d  t o  the  v i b r a t i o n  abor t  system being s e t  a t  too low a l i m i t .  
Very l i t t l e  wear w a s  evident  on i n s e r t s .  
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Table B-7 .  Resu l t s  o f  T e s t  No. 7 
AIS1 440C Balls and Plates  
Test  No. 7 Date - 1 1 / 1 8 / 6 5  
I n s e r t  Ma te r i a l  - Chemloy 719 Test  Duration - 19 hours 56 min 
F l a t  P l a t e  F i n i s h  - 2 t o  4 rms Grooved P l a t e  F in i sh  - 4 t o  8 r m s  
Load per B a l l  - 116 l b  P l a t e  Speed - 7616 rpm 
LH2 Flow - 4 t o  6 gpm Groove Diameter - 8.060 i n .  ' 
P r e t e s t  P o s t  T e s t  
Sample No. 1 2 3 1 2 3 
I n s e r t  Pocket Diameter, i n .  0.386 0.387 0.387 0.427 0.424 . 0.426 
B a l l  Diameter, i n .  0.3750 0.3750 0.3750 0.3748 0.3748 0.3747 
I n s e r t  Weight, grams 3.084 3.023 3.057 3.072 3 .020  3.048 
Bal l  Weight, grams 3.453 3.Lc53 3.453 3 .451  3.448 3.452 
Te s t Res ume 
Rig w a s  a c c e l e r a t e d  f i v e  t i m e s  - 19 hours 56 minutes were completed 
when a r i a  d r i v e  b e l t  broke. Test  i n s e r t s  were i n  e x c e l l e n t  c o n d i t i o n .  
Table B-8. Resu l t s  of Tes t  No. 8 
AIS1 440C Balls and Plates 
Test No. 8 Date - 12 /10 /65  
I n s e r t  Ma te r i a l  - Chemloy 719 T e s t  Durat ion - 20 hours 
F l a t  P l a t e  F i n i s h  - 2 t o  4 r m s  Grooved P la t e  F in i sh  - 4 t o  8 rms 
Load per Ba l l  - 116 l b  P l a t e  Speed - 8100 rpm 
LH2 Flow - 4 t o  6 gpm Groove Diameter - 7.520 i n .  
Pretest  P o s t  T e s t  
Sample NO. 1 2 3 1 2 3 
I n s e r t  Pocket Diameter, i n .  0.386 0.388 0.386 0.4352 0.4315 0.4378 
B a l l  Diameter, i n .  0.3750 0.3750 0.3750 0.37499 0.37497 0.37494 
I n s e r t  Weight, grams 3.0221 2.9863 3.0311 2.9928 2.9578 2.9915 
B a l l  Weight, grams 3.452 3.452 3.453 3.452 3.449 3.449 
Test  Resume 
Rig w a s  a c c e l e r a t e d  s i x  t i m e s  - 20 hours were completed. T e s t  i n s e r t s  
were i n  e x c e l l e n t  c o n d i t i o n .  
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Table B-9.  Resu l t s  o f  Test  No. 9 
A I S I  440C Balls and Plates  
Test  No. 9 Date - 1 2 / 1 4 / 6 5  
I n s e r t  Ma te r i a l  - Salox M Test  Durat ion - 20 hours 
F l a t  P l a t e  F i n i s h  - 2 t o  4 r m s  Grooved P l a t e  F i n i s h  - 4 t o  8 r m s  
Load per B a l l  - 116 l b  P l a t e  Speed - 8100 rpm 
LH2 Flow - 4 to  6 gpm Groove Diameter - 7.520 i n .  
Sample No. 
P r e t e s t  Pos t  Test 
1 2 3 1 2 3 
I n s e r t  Pocket Diameter , i n .  0.395 0.395 0.396 0.446 0.443 0.445 
B a l l  Diameter, i n .  0.3751 0.3750 0.3750 0.3750 0.3750 0.3749 
I n s e r t  Weight, grams 4.061 4.066 4.059 4 .030  4.014 3.957 
B a l l  Weight, grams 3.453 3.453 3.453 3.452 3.453 3.453 
Test  Resume 
Rig w a s  a c c e l e r a t e d  s i x  t i m e s  - 20 hours were completed. Test  inserts 
were i n  good cond i t ion .  
Table B - 1 0 .  Resu l t s  o f  Test  No. 1 0  
S t a r  J Balls and A I S I  440C Plates 
Test  N o .  1 0  Date - 1 / 2 5 / 6 6  
I n s e r t  Ma te r i a l  - Chemloy 719 T e s t  Duration - 14 hours 
B a l l  Ma te r i a l  - S t a r  J P l a t e  M a t e r i a l  - AISI 440C 
F l a t  P l a t e  F i n i s h  - 2 t o  4 r m s  Grooved P l a t e  F i n i s h  - 2 t o  4 r m s  
Load per B a l l  - 116 l b  P l a t e  Speed - 8100 rpm 
LH2 Flow - 3 t o  5 gpm Groove Diameter - 7 .520  i n .  
Pretest  P o s t  T e s t  
Sample No. 1 2 3 1 2 
I n s e r t  Worn 
Through I I n s e r t  Pocket Diameter, i n .  0.3920 0.3915 0.3915 B a l l  Diameter, i n .  0.37516 0.37515 0.37516 I n s e r t  Weight, grams 3.1406 3.0597 3.0023 B a l l  Weight, grams 3.9482 3.9475 3.9483 
3 
I 
Tes  t Resume 
Rig w a s  a c c e l e r a t e d  s i x  t imes.  A f t e r  13 hours and 44 minutes ,  t h e  
v i b r a t i o n  l e v e l  i nc reased  and t h e  cage speed became e r r a t i c .  I n s p e c t i o n  
o f  the t es t  i t e m s  showed the  b a l l s  had f a i l e d  and t h e  l u b r i c a n t  i n s e r t s  
were worn through t o  t h e  aluminum r e t a i n i n g  p l a t e s .  
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Table B-11.  Resu l t s  of T e s t  No. 11 
S t a r  J Balls and A I S I  440C Plates 
-. - 
Test  No. 11 Date - 1 / 2 7 / 6 6  
I n s e r t  Ma te r i a l  - Chemloy 719 T e s t  Duration - 11 hours 33 minutes 
B a l l  M a t e r i a l  - S t a r  J P l a t e  Material - AISI 440C 
F l a t  P l a t e  F i n i s h  - 2 t o  4 rms Grooved P l a t e  F i n i s h  - 2 t o  4 rms 
Load per B a l l  - 116 l b  P l a t e  Speed - 7616 r p m  
LH2 Flow - 3 t o  5 gpm Groove D i a m e t e r  - 8.060 i n .  
P r e t e s t  Pos t  T e s t  
Sample No. 1 2 3 1 2 3 
I n s e r t  Pocket Diameter , i n .  0.3975 0.3910 0.3915 0.4947 0.4969 0.4998 
B a l l  Diameter, i n .  0.37515 0.37515 0.37515 0.37520 J; 0.37515 
I n s e r t  Weight, grams 2.9865 2.9975 3.0292 2.9323 2.9426 2.8278 
B a l l  Weight, grams 3.9486 3.9475 3.9487 3.9483 2k 3.9487 
Test  Resume 
Rig w a s  a c c e l e r a t e d  four  t i m e s .  A t  11 hours and 33 minutes t h e  t e s t  
was shu t  down f o r  an  in spec t ion  of t he  test i tems. A t  t h a t  t i m e ,  t h e  
l u b r i c a n t  was worn h e a v i l y  and one o f  t he  b a l l s  appeared t o  have f a i l e d  
due t o  s p a l l i n g .  An e v a l u a t i o n  of t h e  t e s t  b a l l s  w a s  made a t  t h i s  p o i n t  
and i t  was determined t h a t  t h e  b a l l  was p i t t e d  a s  descr ibed i n  monthly 
r e p o r t  No. 6 .  
2kMaterials Development Laboratory Specimen. 
Table B - 1 2 .  Resu l t s  o f  Test  No. 1 2  
S t a r  J Balls and AISI 44oC P l a t e s  
Test  No. 12 Date - 1 / 3 1 / 6 6  
I n s e r t  Ma te r i a l  - Chemloy 719 Test  Duration - 20 hours 
Ba l l  Ma te r i a l  - S t a r  J P l a t e  Mate r i a l  - AISI 440C 
F l a t  P l a t e  F i n i s h  - 2 t o  4 r m s  Grooved P l a t e  F i n i s h  - 2 t o  4 r m s  
Load p e r  Ba l l  - 116 l b  
LH2 Flow - 3 t o  5 gpm P l a t e  Speed - 7616 rpm Groove Diameter - 8.060 i n .  
P r e t e s t  Post  T e s t  
Sample No. 1 2 3 1 2 3 
I n s e r t  Pocket Diameter, i n .  0.3930 0.3925 0.3905 * J; 9: 
I n s e r t  Weight, grams 3.0425 3.0748 3.0115 J; 9; J; 
B a l l  Diameter, i n .  0.37400 0.37400 0.37398 0.37400 0.37400 0.37400 
Bal l  Weight , grams 3.9128 3.9107 3.9110 3.9124 3.9103 3.9105 
Test  Resume 
Rig w a s  a c c e l e r a t e d  seven times - 20 hours were completed a s  scheduled. 
Rig v i b r a t i o n s  were ve ry  e r r a t i c  during the t e s t ,  but examination of t es t  
specimens showed no cause f o r  t h e  v i b r a t i o n s .  Checks of t h e  instrumenta- 
t i o n  a l s o  revealed no cause f o r  t h e  v i b r a t i o n s .  
JeSDecirnen worn through 
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Table B-13. Resu l t s  o f  T e s t  No. 13 
A I S I  440C Balls and Star J Plates 
k? p_ 
Test  No. 13 Date - 2 / 1 8 / 6 6  
I n s e r t  Material - Chemloy 719 T e s t  Duration - 20 hours 
B a l l  Ma te r i a l  - AISI 440C . P l a t e  Mate r i a l  - S t a r  J 
F l a t  P l a t e  F i n i s h  - 2 t o  4 r m s  Grooved P l a t e  F i n i s h  - 4 t o  5 r m s  
Load per B a l l  - 116 l b  P l a t e  Speed - 7616 rpm 
LH2 Flow - 3 t o  5 gpm Groove Diameter - 8.060 i n .  
Sample No. 
P o s t  T e s t  Pre tes t  
1 2 3 1 2 3 
I n s e r t  Pocket Diameter) i n .  0.3930 0.3915 0.3910 0.5407 0.5499 0.5569 
B a l l  Diameter, i n .  0.37526 0.37527 0.37527 0.37502 0.37502 0.37485 
I n s e r t  Weight) grams 3.0355 3.0258 3.0956 2.7881 2.7746 2.8278 
Bal l  Weight, grams 3.4682 3.4655 3.4674 3.4642 3.4629 3.4642 
Test  Resume 
Rig w a s  a c c e l e r a t e d  seven t i m e s .  The t e s t  was stopped a f t e r  approxi-  
mately 7 hours s o  t h a t  t h e  specimens could be examined. This was a pre-  
cau t iona ry  check because t h e s e  m a t e r i a l s  had no t  been p rev ious ly  t e s t e d .  
A f t e r  examination) the  specimens were r e tu rned  t o  the  r i g  and t e s t i n g  w a s  
resumed. A t o t a l  of 20  hours t e s t  t i m e  w a s  completed. 
Table B-14. Resu l t s  o f  T e s t  N o .  14 
AISI 440C Balls and S t a r  J P l a t e s  ----. 
T e s t  No. 14 
I n s e r t  Material - Chemloy 719 
Bal l  Ma te r i a l  - AISI 440C 
F l a t  P l a t e  F in i sh  - 2 t o  4 r m s  
Load pe r  B a l l  - 116 l b  
LH2 Flow - 3 t o  5 gpm 
Sample No. 
- 
1 
Date - 2 / 2 2 / 6 6  
T e s t  Durat ion - 20 hours  
P l a t e  Mate r i a l  - S t a r  J 
Grooved P l a t e  F i n i s h  - 4 t o  6 r m s  
P l a t e  Speed - 7616 rpm 
Groove Diameter - 8.060 i n .  
P o s t  T e s t  Pretest  
2 3 1 2 3 
I n s e r t  Pocket Diameter ) i n .  0.3915 0.3910 0.3910 0.5153 0.5049 0.5084 
Ball  Diameter) i n .  0.37540 0.37528 0.37528 0.37490 0.37440 0.37485 
I n s e r t  Weight, grams 3.0266 3.0140 3.0288 2.8600 2.8811 2.8882 
Ball  Weight, grams 3.4700 3.4683 3.4582 3.4685 3.4656 3.4567 
Test  Resume 
Rig w a s  a c c e l e r a t e d  s i x  times - 20 hours were completed a s  scheduled.  
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Table B-15. Resu l t s  of T e s t  No. 15 
A I S I  440C B a l l s  and S t a r  J P l a t e s  
-L 
Test  No. 15 Date - 2 / 2 4 / 6 6  
I n s e r t  M a t e r i a l  - Chemloy 719 Test  Duration - 20 hours 
Ba l l  Ma te r i a l  - A I S I  440C P l a t e  Mate r i a l  - S t a r  J 
F l a t  P l a t e  F i n i s h  - 2 t o  4 r m s  Grooved P l a t e  F i n i s h  - 4 t o  6 r m s  
Load per B a l l  - 116 l b  P l a t e  Speed - 8100 rpm 
LH2 Flow - 3 t o  5 gpm Groove Diameter - 7 . 5 2 0  i n .  
P r e t e s t  Post  Test 
Sample No. 1 2 3 1 2 3 
I n s e r t  Pocket Diameter, i n .  0.3915 0.3930 0.3905 0.4417 0.4556 0.4374 
B a l l  Diameter, in .  0.37541 0.37528 0.37528 0.37386 0.37445 0.37385 
I n s e r t  Weight, grams 3.0477 2.3996 3.0305 3.0209 2.9709 3.0066 
Bal l  Weight, grams 3.4582 3.4736 3.4684 3.4544 3.4703 3.4650 
Test  Resume 
Rig was a c c e l e r a t e d  four  times - 20 hours were completed a s  scheduled. 
Table B-16. R e s u l t s  of  Test  No. 16 
S t a r  J Balls and P l a t e s  
Test  No. 16 Date - 3 / 2 / 6 6  
I n s e r t  Ma te r i a l  - Chemloy 719 T e s t  Durat ion - 20 hours 
B a l l  Ma te r i a l  - S t a r  J P l a t e  Material - S t a r  J 
F l a t  P l a t e  F i n i s h  - 2 t o  4 rms Grooved P l a t e  F i n i s h  - 4 t o  6 rms 
Load p e r  B a l l  - 116 l b  P l a t e  Speed - 8100 rpm 
LH2 Flow - 3 t o  5 gpm Groove Diameter - 7.520 i n .  
Pretest  Pos t  T e s t  
Sample N o .  1 2 3 1 2 3 
I n s e r t  Pocket Diameter, in .  0.3925 0.3915 0.3915 * >k * 
I n s e r t  Weight, grams 2.9998 3.0119 3.0253 * 9: 
B a l l  Diameter, i n .  0.37402 0.37401 0.37401 0.37387 0.37304 0.37274 
B a l l  Weight, grams 3.9122 3.9105 3.9126 3.9089 3.9056 3.9068 
J- 
Test  Resume 
Rig w a s  a c c e l e r a t e d  f i v e  times - 20 hours were completed as scheduled. 
The r i g  v i b r a t i o n s  were e r r a t i c  du r ing  the tes t .  Examination of  t he  t e s t  
items showed a high l u b r i c a n t  wear r a t e  and the  b a l l s  appeared t o  be p i t t e d .  
9;SDecimen worn through. 
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Table B - 1 7 .  Resu l t s  of T e s t  No. 1 7  
S t a r  J B a l l s  and Plates  
. ". 
Test  No. 17 Date - 3/4/66 
I n s e r t  Ma te r i a l  - Chemloy 719 Test  Durat ion - 20 hours 
B a l l  Ma te r i a l  - S t a r  J P l a t e  M a t e r i a l  - S t a r  J 
F l a t  P l a t e  F i n i s h  - 2 t o  4 rms Grooved P l a t e  F in i sh  - 4 t o  6 r m s  
Load per B a l l  - 116 l b  P l a t e  Speed - 7616 rpm 
LH2 Flow - 3 t o  5 gpm Groove Diameter - 8.060 i n .  
P r e t e s t  Post  T e s t  
Sample No. 1 2 3 1 2 3 
I n s e r t  Pocket Diameter, i n .  0.3920 0.3930 0.3935 0.4111 0.4081 0.4103 
Ba l l  Diameter, i n .  0.37516 0.37516 0.37457 0.37507 0.37510 0.37451 
I n s e r t  Weight, grams 3.0253 3.0577 3.0064 3.0238 3.0572 3.0085 
B a l l  Weight, grams 3.9485 3.9507 3.9314 3.9476 3.9505 3.9308 
Test  Resume 
Rig w a s  a c c e l e r a t e d  s i x  t i m e s  - 20 hours were completed a s  scheduled.  
During t h e  t e s t ,  t h e  r i g  v i b r a t i o n s  were ve ry  e r r a t i c  and t h e  t e s t  a u t o -  
m a t i c a l l y  abor t ed  t h r e e  times. Checks of t he  t e s t  specimen cond i t ion  and 
r i g  in s t rumen ta t ion  revealed no cause f o r  t he  v i b r a t i o n ;  t h e r e f o r e ,  t e s t i n g  
was resumed each time. The tes t  i t e m s  were i n  good cond i t ion  a f t e r  t e s t i n g .  
Table B - 1 8 .  Resu l t s  of  Tes t  No. 18 
S t a r  J Balls and P l a t e s  
Tes t  No. 18 Date - 3/8/66 
I n s e r t  Ma te r i a l  - Chemloy. 719 
B a l l  Material - S t a r  J P l a t e  M a t e r i a l  - S t a r  J 
F l a t  P l a t e  F i n i s h  - 2 t o  4 rms Grooved P l a t e  F in i sh  - 4 t o  6 r m s  
Load per B a l l  - 116 l b  
LH2 Flow - 3 t o  5 gpm 
T e s t  Duration - 20 hours 
P l a t e  Speed - 8100 rpm 
Groove Diameter - 7.520 i n .  
Pretest  Pos t  Test 
Sample N o .  1 2 3 1 2 3 
I n s e r t  Pocket D i a m e t e r ,  i n .  0.3915 0.3920 0.3925 0.4373 0.4469 0.4507 
B a l l  Diameter, i n .  0.37457 0.37458 0.37458 0.37364 0.37371 0.37385 
I n s e r t  Weight , grams 2.9757 3.0492 2.9555 2.9217 3.0131 2.9167 
B a l l  Weight, grams 3.9308 3.9295 3.9313 3.9275 3.9287 3.9272 
T e s t  Resume 
Rig w a s  a c c e l e r a t e d  seven times - 20 hours were completed a s  scheduled. 
During t h e  test t h e  v i b r a t i o n s  were ve ry  e r r a t i c  and the  t e s t  w a s  abo r t ed  
twice.  Check of the t e s t  i t e m  cond i t ion  and r i g  in s t rumen ta t ion  revealed 
no cause f o r  t h e  excess ive  v i b r a t i o n ;  t h e r e f o r e ,  t e s t i n g  was resumed i n  
each i n s t a n c e  wi th  a c c e p t a b l e  v i b r a t i o n  l e v e l s  a 
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Table B-19.  Resu l t s  of  Tes t  No. 19 
S t a r  J Balls and A I S I  440C Plates _ -  
T e s t  No. 19 Date - 1 1 / 4 / 6 6  
I n s e r t  Material - Salox M Test  Duration - 20 hours 
Bal l  Ma te r i a l  - S t a r  J P l a t e  M a t e r i a l  - AISI 440C 
F l a t  P l a t e  F i n i s h  - 2 t o  4 r m s  Grooved P l a t e  F i n i s h  - 4 t o  8 rms 
Load per B a l l  - 116 l b  P l a t e  Speed - 8100 rpm 
LH2 Flow - 4 t o  6 gpm Groove Diameter - 7.520 i n .  
P r e t e s t  Pos t  Test 
I n s e r t  Pocket Diameter , i n .  0.3907 0.3906 0.3904 Side Wear* 
Ba l l  Diameter, i n .  0.37547 0.37546 0.37546 0.37512 0.37526 0.37520 
I n s e r t  Weight, grams 3.7406 3 A 2 6 1  3.8438 3.7229 3 .8063 3 A 2 3 7  
B a l l  Weight, grams 3.9785 3.9773 3.9774 3.9782 3.9770 3.9771 
Sample No. 1 2 3 1 2 3 
Test  Resume 
Rig w a s  a c c e l e r a t e d  f i v e  t i m e s  - 20 hours were completed with no problems 
and low r i g  v i b r a t i o n .  
+:Inserts w e r e  o r i e n t e d  90 deg from intended o r i e n t a t i o n  and wore on t h e  
area where p r e t e s t  measurements were n o t  recorded.  Wear i s  intended t o  
be on the f l a t  f a c e s  of the b a l l  pocket as shown i n  f i g u r e  111-3. 
Table B-20. Resu l t s  of Test  N o .  20 
S t a r  J Balls and AISI 440C Plates  
T e s t  No. 20 Date - 1 1 / 8 / 6 6  
I n s e r t  M a t e r i a l  - Salox M 
Bal l  Ma te r i a l  - S t a r  J P l a t e  M a t e r i a l  - A I S I  440C 
F l a t  P l a t e  F i n i s h  - 2 t o  4 r m s  Grooved P l a t e  F i n i s h  - 4 t o  8 r m s  
Load per B a l l  - 116 l b  P l a t e  Speed - 7616 rpm 
LH2 Flow - 4 t o  6 gpm 
Test  Durat ion - 20 hours 
Groove Diameter - 8.060 i n .  
Pretest  Pos t Test 
Sample N o .  1 2 3 1 2 3 
I n s e r t  Pocket Diameter, i n .  0.3914 0.3917 0.3900 0.4123 0.4105 0.4104 
Ball  D i a m e t e r ,  in .  0.37546 0.37545 0.37546 0.37510 0.37518 0.37524 
I n s e r t  Weight, grams 3.7829 3.7236 3.8941 3.7765 3.7232 3.8880 
B a l l  Weight, grams 3.9786 3.9778 3.9787 3.9786 3.9778 3.9786 
T e s t  Resume 
Rig was a c c e l e r a t e d  two times - 20  hours were completed wi th  no problems 
and low r i g  v i b r a t i o n .  
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Table B - 2 1 .  Resu l t s  of T e s t  No. 21 
S t a r  J Balls and AISI 440C Plates  
Test  N o .  21 
I n s e r t  Material - Salox M 
Ba l l  M a t e r i a l  - S t a r  J 
F l a t  P l a t e  F i n i s h  - 2 t o  4 r m s  
Load per B a l l  - 116 l b  
LH2 Flow - 4 t o  6 gpm 
Sample No. 
I n s e r t  Pocket Diameter , i n .  
B a l l  Diameter, i n .  
I n s e r t  We igh t , grams 
B a l l  Weight, grams 
Date - 1 1 / 1 0 / 6 6  
Test  Durat ion - 20 hours 
P l a t e  Material - A I S I  440C 
Grooved P l a t e  F i n i s h  - 4 t o  8 ms 
P l a t e  Speed - 8100 rpm 
Groove Diameter - 7.520 i n .  
P r e t e s t  Pos t  T e s t  
1 2 3 1 2 3 
0.3905 0.3909 0.3906 0.4261 0.4285 0.4265 
0.37546 0.37546 0.37547 0.37514 0.37524 0.37524 
3.8555 3.8705 3.8258 3.8372 3.8499 3.8072 
3.9774 3.9778 3.9787 3.9773 3.9776 3.9784 
Test Resume 
Rig was a c c e l e r a t e d  t h r e e  times - 20 hours were completed wi th  no 
oroblems and l o w  v i b r a t i o n .  
Table B-22. R e s u l t s  of Test  N o .  22 
1 
S t a r  J Balls and P l a t e s  
T e s t  No. 22 Date - 11 /17 /66  
I n s e r t  Ma te r i a l  - Salox M T e s t  Duration - 2 0  hours 
Ba l l  Material - S t a r  J P l a t e  Mate r i a l  - S t a r  J 
F l a t  P l a t e  F i n i s h  - 4 t o  6 r m s  Grooved P l a t e  F i n i s h  - 4 t o  8 r m s  
Load per B a l l  - 116 l b  P l a t e  Speed - 7616 rpm 
LH2 Flow - 4 t o  6 gpm Groove Diameter - 8.060 i n .  
P r e t e s t  P o s t  T e s t  
Sample No. 1 2 3 1 2 3 
I n s e r t  Pocket Diameter , i n .  0.3916 0.3903 0.3917 0.4408 0.4437 0.4426 
B a l l  Diameter, i n .  0.37546 0.37546 0.37546 0.37524 0.37526 0.37524 
I n s e r t  Weight, grams 3.9201 3.8409 3.8753 3.8696 3.7903 3.8284 
Bal l  Weight, grams 3.9777 3.9773 3.9776 3.9775 3.9774 3.9777 
T e s t  Resume 
Rig was a c c e l e r a t e d  e i g h t  times - 20 hours were completed. During the  
t es t  the  r i g  v i b r a t i o n  was high and e r r a t i c  and t h e  t e s t  was stopped s e v e r a l  
times t o  check t h e  t e s t  specimen cond i t ion  and r i g  in s t rumen ta t ion .  I n  each 
in s t ance  no cause for  t h e  unusual v i b r a t i o n  was found; t h e r e f o r e ,  t e s t i n g  was 
resumed each t i m e  . 
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Table B-23. Resu l t s  of  Test  No. 23 
S t a r  J Balls and Plates . . "  -. 
Test  No. 23 Date - 11 /21 /66  
I n s e r t  Ma te r i a l  - Salox M Test Duration - 20 hours 
B a l l  Ma te r i a l  - S t a r  J P l a t e  Mate r i a l  - S t a r  J 
F l a t  P l a t e  F i n i s h  - 4 t o  6 r m s  Grooved P l a t e  F i n i s h  - 4 t o  8 r m s  
Load per  B a l l  - 116 l b  P l a t e  Speed - 7616 rpm 
LH2 Flow - 4 t o  6 gpm Groove Diameter - 8.060 i n .  
P r e  t e s t Post  T e s t  
S a m p l e  No. 1 2 3 1 2 3 
I n s e r t  Pocket Diameter, i n .  0.3914 0.3909 0.3918 0.4171 0.4181 0.4137 
Bal l  Diameter, i n .  0.37547 0.37546 0.37546 0.37526 0.37522 0.37512 
I n s e r t  Weight, grams 3.7304 3.8536 3.9585 3.7166 3.8416 3.7890 
B a l l  Weight, grams 3.9777 3.9784 3.9779 3.9778 3.9780 3.9779 
Test Resume 
Rig w a s  a c c e l e r a t e d  four  times - 20 hours were completed. During the  
t e s t  t he  r i g  v i b r a t i o n  was e r r a t i c .  
Table B-24. Resu l t s  of Test  No. 24 
S t a r  J Bal l s  and P l a t e s  
Test  No. 24 Date - 1 2 / 8 / 6 6  
I n s e r t  Ma te r i a l  - Salox M T e s t  Durat ion - 20 hours 
B a l l  Ma te r i a l  - S t a r  J P l a t e  M a t e r i a l  - S t a r  J 
F l a t  P l a t e  F i n i s h  - 4 t o  6 r m s  Grooved P l a t e  F i n i s h  - 4 t o  8 r m s  
Load per  B a l l  - 116 l b  P l a t e  Speed - 8100 rpm 
LH2 Flow - 4 t o  6 gpm Groove Diameter - 7.520 i n .  
Sample No. 
Pretest  Pos t  T e s t  
1 2 3 1 2 3 
I n s e r t  Pocket D i a m e t e r ,  i n .  0.3914 0.3905 0.3917 0.4361 0.4318 0.4344 
B a l l  Diameter, i n .  0.37546 0.37546 0.37546 0.37521 0.37521 0.37518 
I n s e r t  Weight, grams 3.7845 3.7948 3.8241 3.7254 3.7581 3.7901 
B a l l  Weight, grams 3.9778 3.9774 3.9778 3.9775 3.9769 3.9771 
Test Resume 
Rig w a s  a c c e l e r a t e d  four  times - 20 hours were completed. During the 
t es t  t h e  r i g  v i b r a t i o n  was e r r a t i c .  
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